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‘SUMMARY

A device based on an adaptation of the Christopherson
tube is investigated for the lubricetion and other effects
‘of employing a polymer melt as the lubricant during the wire
drawing process, The device 1is heated to convert the polymer
feed into a viscous melt and the pressure required is generated
by a hydrodynamic action produced by the motion of the wire.

On the basis of experimental evidence, it is apparent
that deformation commences before the wire reaches the die,
in the Christopherson tube itself, with the die effectively
acting only as a seal., Under these conditions, the die
geometry becomes of secondary importance and the deformation
actually takes place as if an effective die of continuously
changing die angle is being used. To take this aspect of the
‘process into account, a mathematically described effective
die shape is used in the present analysis. The plsstic strain
hardening properties and the strain rate sensitivity of the
wire material are also incorporated into the analysis.

The study utilises an empirical expression relating
shear stress and rate of shear together with an experimentally
~derived pressure coefficient of viscosity, in determining the
coat thickness possible on the wire., The theory contains the
effect of a limiting value to the shear stress, which exhibits
itself as slip in the polymer. An alternative theory is also
presented which assumes that shear stress is zero at the
polymer/tube interface. This much simplified anzslysis allows
the length of the deformation zone to be determinecd.

An extensive series of experimental studies have shown
that the coat thickness reduces both as speed increases and
as the wire materisl strength increases. Predictions of coat
thickness from the anslysis tend to be lower than those
obtained experimentally. At low drawing speeds a coat defect
was observed which gave the coated wire a "bamboo'" shape.

It is probable that this defect is caused by the slip-stick
nature of the polymer melt in the Christopherson tube. The
assumed die shape and predicted pressure distributions are
verified by experiment.



NOTATION

a’b,c,A,Bﬁ,Ci-C'] 0000000 €O Constal’lts

L esesscoeoce Fraction of Christopherson tube
. at which deformation commences
' meagsured from the die

C

D cesssesssees Wire diameter at any point
: ' during deformation

h esessesses Radial gap between wire and
Christopherson tube

hy - "eeeceesses Polymer coat thicﬁness

k .....}.... Polymer constant of shear

K cesvsssncse Strain hafdening constant

L ceccesense Leﬂgth of Christopherson tube

and die unit

LCT _ '........;. Length of Chrlstopherson tube
in which wire remains und@Lo“med

n | , eseovcocen Strain hardening index

N vevssesess MNaterial constant

.P | " esesecsces Pressure

Q esceseeses Volumetric flow rate of polymer
melt per unit length of
circumference of wire

S | eececeeess Dynamic/static stress ratio

T | ecsecssesss Material constant

U - 4........¢. Wire speed ahead of die

Uq ceesescsss Wire speed after drawing

Us ‘ sessecsess Wire speed at commencement of

slip
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CHAPTER 1.  INTRODUCTION.

1,1 The Wire Drawing Process.

The wire drawiné proceés involves pulling a length

of metal wire (usually circular in cross section) through a
tapered die, in ofder to obtain a_reducéd wire diameter of

a specific size whilst improving surface guality, obtaining
the desired metallurgical properties and maintéining a high
reproducibility of the product. These are generally achieved
with the wire unheated (cold drawn)vand hence deformation

' loads are high, making efficient lubrication essential.
Traditionally, there are two basic methods of lubrication

in wire drawing; wet and dry, which differ as regards
preparation of wire, lubrication and design of machine. Wet
wire drawing 1s generally conducted on wires of diameter’léss
than 0.46mm (26 s.w.g.). The dies are totally submerged in
a solution of soap in water. Boundary lubrication is the
operating regime, producing a highly polished @rawn wire,

Dry drawing is used on wires and rods of diameter above O.46mm,
Here the lubricant is usually a powdered calcium or sodium
stearate soap. The dry soap compound is placed in a box,
through which the wire passes immediately before entry to

the die. To assist pick-up of soap from these boxess, the
wife is often coat with either lime or borax in a treztment
prior to drawing. The lubrication regime in this case hes

H
been termed "quasi-hydrodynamic"i, since thc soap film

* Numbers as superscripts refer to references which may be

found in Chapter 10.



thickness produced on the drawn wire is greater than that

which would be expected from boundary lubrication, but less

than those for hydrodynamic lubrication.

These methods have been used almost exclusively for
many years, but evidence is growing that they may be reaching
fhe limit of their development, and consequently, other ways

of lubricating the wire are being investigated.

1.2 Historical Background of the Christopherson Tube.

The wire drawing process, although basically a simple
forming operation, needs to achieve many objectives if it
is. to be used efficiently in production. These may be

summarised as follows:-

a) High drawing speeds whilst maintaining wire quality

b) High reductions in area per pass

c) Improved dissipation of heat from the wire and hence

low wire temperature
d) An improved surface finish and clean wire

e) Reduction in cost by;
i) Reduced drawing times
ii) Elimination of pre-drawing treatments
iii) Reduction of. the number of interpass heat treatments
iv) Reduction of down time due to changing dies because

of excessive wear.



In the past, the wire drawing process had been
régarded as an art where die angles and reductions and the
lubricant specificatidn were arrived at mainly through trial
and error, ' More recently, however, attémpts have been made
to introduce a more theoretical background to the process.
This deeper understanding makes it possible to introduce new
techniques which, hopefully, allow the aims of increased
production to be met. Wistreich® had established that an
increase in wire drawing speed éhould be possible if the die
friction could be reduced. One way of achieving this would
be to increase the die angle, but this would causé an increase
 in redundant deformation, increasing the rise in temperature
of the drawﬁ wire, The surface_temperature of the wire is
required to be kept to a minimum in order to prevent a
deterioration in the surface qualityﬁand'metallurgical

pfoperties of the wire,

In 1955, Christopherson and Naylor3 presented a paper
which showed a method of reducing friction in wire drawing
| by hydrodynamic lubrication. It had been assumed that
friction in conventional wire drawing was of a boundary
nature and that a change of mode to hydrodynamic lubrication
éhould greatly reduce friction. The device used by
Chriétopherson and Naylor was based upon an idea suggested
in 1943 by Maclellan and Camerdn4. This device, now called
the Christopherson tube, consisted of a long tube filled
with lubricant, through which the wire passed beforé entry
to the die, and sealed to the approach side of the die,
Barly efforts were zimed at producing hydrodynamic’ lubrication

using oil, since the rheology of oil was well known, but it

3



was quickly realised that many prob;ems were inherent in its
use., These were the necessity to have long inlet tubes

(up to 0.8m) and very small wire clearances (0.04 - 0,05mm
on radius). It was also necessary to provide a "leader"

“to the full size wire to encourage fléw to start (see Fig 1).
Even then a finite length of wire would remain unlubricated
at start up, before sufficient pressure was generated to
prpmote hydrodynémic lubrication. Since o0il is a poor
bdundary lubricant, die wear ana seizure were inherent
probiems at start up. These problems were largely overcome
by returning to the traditional dry soap lubrication. This
enabled the Christopherson tube to be shortened and since
soap 1s a very good boundary lubricant, start up was no
longer a problem, These ideas led to the design of the
BISRA dry soap nozzless. (Fig 2). The main limitation of .
these designs seeméd to be the deterioration of the lubricating
ﬁroperties of soap when its moisture content is high. Other
ideas have stemmed from the desire to have a thick film
lubricated die. The most notable of these aré the hydrostatic
die unit and the éouble die system. In the hydrostatic die,
the lubricant (usually oil) is externally pressurised and
.fed to the wire in a chamber between an "ironing" die which
acts as a seal and the die proper® {(Fig 3). Subsequently

if was found that the ironing die produced more problems

of die wear than the simple single die systeh. ‘This was
because the ironing die reduced the wire by a small amount
(around 5%) under poorly lubricated conditions. This_

system also required'the use of a pump capable of producing
very high pressures. The double die system seecmed to offer

a better solution. Here two dies with a sealed chamber

I



between them are used’. The approach die has a diameter the
same as the nominal size of the undrawn wire (Fig 4). Soap
coﬁpounds are used as the lubriCant.A'This system has received
much favour in the USSR vwhere it is claimed that one of

.these units increased die life by 500% and mill output by up

to 53%, while electric power consumption was reduced by L8%8

1.3 Polymer Melt as a Lubricant.

The use of solid polymers as a lubricant is not a
new concept; it has been used successfully in cold deep
drawing for many yesrs, However, the use of polymer melts

"as a lubricant has not been exploited to the same extent.

There are many important differences in the rheology
of molten polymérs when compared to conventional lubricants
such as o0il. The most obvious of these 1is the very high
viscosity of polymer melts at temperatures which would
preclude the use of oil as a lubricant. It is also well
known that the viscosity of polymer melts is reduced ﬁhen
thé melt is subjected to Sheér stress (ie. it is shear
thinning). Above a certain level of shear stress a discén—
tinuity in flow has been observed for certain polymers®. An
increase in hydrostatic pressure increases the viscosity of
the polymer melt®®, These rheological effects and their

consequences are discussed in detail in Chapter 2.
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1.t Scope of the Present Work.

The applicaﬁion of the Christopherson tube in the
present work was ofiginally conceived in order to overcome
the difficulties associated with using soap or oil as the
Jubricant and to provide an alternative lubricating system
which would have very different characteristics tc those
currently in use. It was thought that since the viscosity
of polymer melts appeared io be considerably -greater than
that of oil, and that they did not suffer from moisture
absorption as did soap, they would provide an ideal andvnovel
solution to the problem., In addition, if the polymer could
be made to bond successfully to the wire, it could be used
to protect the wire against corrosion in storage and to
lubricate subsequent forming operations such as bending or
cold heading. Initial research®?»3%*! ghowed that certain

limitations were present:-

a) At very low drawing'Speeds the coated surface of the wire
exhibited a "bamboo" effect causing the wire itself to be

of varying diameter.

b) The coating adhesion was not as good as was hoped but
this was improved by-increasing the wire temperature
'relative to the-polymef temperature. ‘This uhfortunately
led to a decrease in coat thickness and increased the

bulk temperature of the wire.

¢) As drawing speed was increased, the coat thickness was

reduced.

d) The dimensional and operating resirictions on the



- Christopherson tube were not reduced as much as was thought

possible.

e) The wire was ineffectively lubricated at start up causing

wire fracture in realistic operating conditions.

Stevenst? produced a computer aided solution for the
design of a Cﬂfistopherson tube-die unit for specified
bpefating conditions. He used a simplified theory based on
the assumption that the polymer melt viscosity remained
constant with respect to pressure and shear stress, employing

the concept of apparent viscosity.

The principal objectives of the present study are:-

a) To improve the analytical solutions presented earlier by

including both pressure and shear components of viscosity.

b) To consider in detail the deformation.process and to
include into the analysis the effects of strain hardening

and strain rate sensitivity of the wire material.

¢c) To verify, or otherwise, any theory with extensive

practical tests.

d) To investigate the performance of a hydrostatic/hydro-
dynamic system of lubricatién and other means of improving

the process in order to make it more acceptable to industry.



CHAPTER 2, -THE RHEQLOGY OF POLYMER MELTS,.

2.7 Introduction.

- Polymers are unlike most materials in that they are
composed of very long molecular chains., Bonding betweeh the
chains is either'by cross-linking, as in thermosetting |
polymers, or by molecular attraction_(Van‘der Waals forces)
between the chains, as in thermoplastic polymers. Normally,
the chains are randomly orientated, but if stress is applied,
the chains would firstiy straighten out and then, as further
: étress“is applied, the;bonds 3§tween the chains would be
broken., The straightening out of the chains is partially
recoverable, causing the polymer to act elastically. The
breaking of the bonds enable flow to occur. The flow
charactéristiés of polymer melts are very different to those
of conventiohal Jubricants such és oil., In this chapter,
discussions are made of thege characteristics and their

effects in relation to the present application.

2.2 The Effect of Témperature on Viscositye.

An increase in the temperature of a molten polymer
decreases viscosity by varying extents, dependant upon the
type of polymer, as shown in Fig 5. The slope of the curve
is eguivalent to the activation energy for viscous flow.
Increases of temperature have a méré drastic effect on
polymers having a higher activation energy than those.with

10



lower activation energies. Polyethylene,'which is the most
non—polar of the materials snown, has a very low activation
energy because the forces between the chains are very small.
If the curves of viscosity versus the reciprocal of the absolute
temperature are plotted over a wider range of absolute
temperature than shown, there would be a pronounced curvature
to the straight line relationship. Dienes!?® believed that
this is caused by a decrease in the order of the molecules
as the temperature is raised (ie. the molecular structure
becomes more random). Viscous flow involves configurational
change of the molecules, so that the more random they are,
the easier it is to change this configuration. Hence, the

~ energy required for a viscosity change will be less at high

temperatures than at low temperétures.

The polymer used for most of the experimental test in
the present study was Alkathene WG 23 - a low density
polyethylene of 0.913 specifiic density. Results of
temperaturé versus viscosity from an extrusion rheometer
for this polymer are shown in Fig 6. This curve by itself
is not a complete picture since the viscosity measurements
refer to zero shear stress. It is necessary with polymer
melts to include the effects 6f shear stress on viscosity

together with the effects of changes in temperature,

2.3' The Effects of Shear Stress aﬁdbstrain on Viscosity.

It is widely -accepted that polymer melts exhibit very
non-Newtonian flow characteristics. As increasing shear
stress is applied, the viscosity of most polymers is reduced.

11



This is best illﬁstrated in graphical form as shown in Fig 7.
This graph shows the results obtained for Alkathene WVG 23
ffom.a'capillary rheometer. A non-linear relationship is

seen to exist between shear étress and shear rate (a Newtonian
fluid woﬁld be a straight line passing through zero). "The
viscosity of the melt can be obtained from the tangent to the
‘curve at any point. Fig 8 shows the same data drawn in
another form, where viscosity may be read off directly from
known temperature and shear stress or shear rate values; (For
a Newtonian fluid this curve would be a horizontal straight

line).

Certain polymer'melts are known to have flow
. discontinuities at high shear rates and shear stress values.
A critical shear stress value for a polymer may be defined

as the one after which flow tends to be irregular.

2.3.1 Critical Shear Stress.

In polymer extrusion, melt flow instability exhibits
itself in many forms such asé a regular helix éf wavelength
comparable with the diameter, a zig-zag in one plane or
irregular convolutioné and may finally become fragmented.

The terms melt fracture, elastic turbulence and distortion
have been used to describe this effect, however, the mechanism
is not similar either to fracture in a solid>or to Reynolds

turbulence.

This phenomenon has been investigated by a number of

~18

13 . .
workers™: and there is general agreement on the following

12



points:-~

a)

The instability sets in at a critical value of shesr
stress ( Ta ) calculated at the die wall; this value is

independant of the die length, radius etc,

Ta~ has a value in the region of 10°-10° MNm~2for most

commercial polymers.
Ta does not vary widely with temperature.

Many workerst® 15 1% 18 £qung a discontinuity in the
slope of the viscosity-shear stress curve at the critical

shear stress, though this has been disputed.

The flow defect is often associated with the die inlet
although some workers!® have witnessed the occurrence of
the same defect during extrusion from a long cylindrical

tube - that is without a die entry.

Several theories have been proposed to account for

this defect., First in the field was Nason®® followed by

Westover and Maxwell®®, all of whom ascribed the effects to
conventional turbulence. However, Tordellal® demonstrated
Athat the Reynolds nuﬁber at the inception of the irregularities

were many orders of magnitude lower than the value of 2000

which has been found generally'applicable even to non-Newtonian

systems. Spencer and Dillon** pointed out that the melt,
highly orientated in the die caﬁillary, must'relax to a
distorted stéte ét the die exit and suggested that this
caused the buckling of the extrudate. However; cine films
of the die entry by Tordella®®, Clegg®® and Bagley and Birks®?!
have shown that extrudate distortion is closely associated

13



with a disturbance in the flow pattern at the die entry.
Léter studies by Benbow and Lamb*® showed that the locus

of origin of disturbance was at the die wall, where the
shear stresses are the highest. They concluded that the
melt fracture was caused by the slip-stick action of the
melt against the metal die. To date, no conclusive evidence
has been submitted to fully identify the mechanism involved
and very little theoretical work has been published on the

phenomenon.,

2.3.2  Sharkskin. -

Another defect, often mistakenly called melt fracture,
is the surface irregularity called "Sharkskin" or "Mattness".
This is characterised by a serieé of ridges perpendicular to
the flow direction and has been distinguished from melt |

fracture for the following reasons:-

a) Sharkskin has a perpendicular distortion whereas melt

- fracture is often helical or irregular.
b) Sharkskin can occur at lower extrusion rates.

¢) Sharkskin appears unaffected by die entry and L/D ratio
of the die or material of the die. Clegg'® has reported

that there was a slight improvement with shorter die lands.

Sharkskin appears to be a surface effect, one
explanation being offered by reference to Fig 9 (after

Brydson®2)., On emerging from the die, the velocity distri-

1L



bution changes in nature so that acceleration of the outer
layers occur. For a viscous material, this is not difficult,
but where a substantial elastic component is present, tensile
forces are built up at or near the surface. Eventually, |
these forces exceed the tensile strength of the melt and the

surface tears to release the stresses,

2.k, The Effect of Pressure on Viscosity.

The éffect'of hydrostatic pressure on the apparent
viscosity and other floﬁ properties of polymer melts is not
-as well understood as the effects of temperature and shear
rate. Maxwell and Jung®® demonstrated that the effects of
hydrostatic pressure on the apparent viscosity of branched
polyethylene and polystyrene at constant shear stress and
temperature aré appreciable and should not be neglected.

© was able to measure the apparent viscosity of

Westover?
several polymeric materials between atmospheric pressure and
fhat of 172 MNm~2? at fixed temperature and shear stress.

He showed, for example, that the apparent viscoéity of a
polyethylene increased by a factor of five when the hydrostatic
pressure was changed from 13 MNm~2 to 172 MNm—2., His

appératus was,s@ecialiy desigried and was rather complicated
and expensive, but Choi24 attempted to measure the effects

of pressure on viscosity with much simplified apparatus.,.

.His results were comparable with those cbtained by other
workers. Cogswell?®® suggested that the effesct of an increese
in pressure may be likened to that due to a'drOp in temperature,

He observed that Tor low density polyethylene, an increase

15



in pressure of 1000 bar had the same effect on viscosity as
that: due to a drop in temperature of 5300 within the melt

range.

It had been noted that at very high pressures (above
140 MNm™2) the melt tended to recrystallise and in consequence,
the melt acted like a solid plug®®. For this reason, pressure-
viscosity measurements are often conducted at.reiatively high

temperatures.

Since the work carried out by Westover appears to be
the most comprehensive, his results are used in the present
work to determine ﬁhe pressure éoefficient of viscosity.
"Fig 10 shows the effects of pressure alone on viscosity.
Fig 11 shows how pressure affects viscosity together with

changing shear stress and shear rate.

2.5 The Effects of the Polymer Flow Characteristics.

In the'present application the polymer is subjected
to very high shear stresses and pressures which are much
greater than those capable of being investigated in any
existing rheometer. It is believed that the critical shear
stress is reached at very low drawing speeds giving a
reduction in coat thickness as spéed is increased. The melt
flow instability and sharkskin are believed to be possible
causes for the bamboo effect present at iow drawing speeds.
The‘high pressures'generatéd'are believed to have the effect
of increasing the melt viscosity in the Christopherson tube.

Temperature was maintained at a steady value when the tesis

16



were conducted, minimising the effects inherent with changing
temperature. Tests at different temperatures were conducted
to show the effects of such changes. All of.the above

effects are discussed in detail in Chapter 8.
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CHAPTER %, DESIGN, DEVELQPMENT AND CONSTRUCTION OF THE

TEST EQUIPHENT.,

The apparatus used in the initial festé was the same
one as used by Stevens'!. In the light of inéreasing
experience on this apparatus, various modifications were
undertaken to improve both the ease at which readings could
be taken and the safety aspect of the draw bench, Further
modifications were planned and executed at a later stage in
order to investigate the different parameters in more dctail.
Final modifications to the rig were designed to improve the

process itself.

3.1 Description of the Existing Equipment.

The apparatus used for the initial tests was the one
designed by Stevens'? for a previous investigation. A full

description of this equipment is given below.

The drawing bénch, of the bull block type, was powered
by a Shrage 3-phase electric motor (type BTH 18/l;.5hp VSC. )
capable of running at speeds infinitely vapiable between 550
and 2200 revolutions per minute. The power was passed from
the motor to the bull block via a flexible tyre coupling
(Fenner ¥80), a 10:1 reduction worm gear (Croft type 41,/551/05)
and a coupling clutch (Broadbent type DP25) which enabled
the bull block to be engaged when the motor was running at
the required speed and so enabled a quick build up to full

speed. Two interchangable bull blocks, of sizes 305mm

23



diameter and 100mm diameter, were used, giving a speed range

infinitely variable between 0.25 ms™? to 3.5 ms™*.

The drawing speed was measured using a tachogenerator
(servo products type SA 7L4OA/7) connected to a digital
voltmeter. The drawing 16ad was measured by attaching strain
gauges on to the die fetainihg plate which was designed to
flex during drawing. This system was calibrated in situ
using static loads to give a direct reédout on a Sangmo
direct reading trénsducer meter (type C52). The polymer
was heated by an electric band heater and the temperature
controlled thermostatically to within iBOC of the set
temperature and measured using a thermocouple connected to

a digital meter. -

The Christopherson tube/die unit was designed to allow
it to be heated or cooled as‘experiments dictated. The
heater and the controller used were the same as for the
polymer, When cooling was required, a water jacket could be
fitted and water circulated from a large tank using a standard
washing machine pump. This enabled the Christopherson tube
to be kept as low as 10°C above ambient temperature when

‘separated from the polymer reservoir by a 6émm asbestos disc.

The components described above were mounted on a
suitably stiffened bench of welded steel éonstruction, and

all moving parts were adequately guarded.

The Christopherson tube/die unit consisted of a
polymer melt reservoir, Christopherson tube and die, held
together with three socket headed cap screws as shown in
Fig 12. A copper seal was incorporated between the die and

the Christopherson tube to prevent leakage. This assembly

2l
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was located in a vee on the drawing bench, being retained
in the direction of drawing by means of the load plate

described previously.

This rig allowed readings of drawing speed, load and
temperature to be taken. It was quickly realised that
certain modifications were necessary to improve experimental

procedure.

3.2 Modifications to the Experimental rig.

It was impractical with the existing rig to conduct
tests on wire longer than four metres since no feed
mechanism was present (the wire was simply laid out on the
1aborafory floor), The laboratory door had to be kept locked
dur%ng drawing to stop people inadvertently stepping onfo the
fast moving wire, Visits‘to local wire manufacturers and
reference to wife journals assisted the design of the feed

mechanisme.
The objectives of the design were:-

a) To be simple in operation.
b) To be inexpensive.
c) To operate at wire speeds of up to 3.5 ms™?t,

d) To take up little floor space.

Various types of mechanism were considered. The
resulting design appeared to meet all of the objectives at
the minimum cost. The wire coil would be placed at the side
of the drawing bench, fhus using little floor space. A
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weighted ring placed over the coil would straighten out and
restrain the wire enough-to prevent it becoming entangled.
Gﬁides and a pulley wheel would turn the wire through a right
angle so that a horizontal feed to the Christopherson tube
could be achieved. Fig 13 and Plates 1 and 2 show the final
form of the feed mechanism which worked faultlessly for the

.majority Of_the tests.

The addition of an ultra-violet recorder (UV) to the
lcad cell allowed detailed investigations of the variations
in drawing load to be undertaken., An extensive series of

tests were conducted with the rig in this'modified form.

Further modificgtions became necessary as the tests

' proceeded. It was decided that the pressure inside.the
Christopherson tube must be measured, This was originally
attempted by using a spring loaded plunger Which would be
raised by the melt préssure as shown in Fig 14, This unit
was manufactured, but the fit between the piston and its
bore could not be made accurately enough to ensure a perfect
seal without having frictional losses. This method was
abandoned in preference to others. The most promising of
these appeared to be in the use of-commercially available
piezo~electric pressure transducers. The maximum pressure
that these transducers could meaéure (5000 bar) precluded
the drawing of high strength wires, but since most of the
tests had been conducﬁed on copper, itAwas decided to
incorporate this method, A.Christophersoh tube was designed
and manufactured to incorporate three pressure transducers
(Kistler type 6203) as shown in Fig 15 and.Plate 3. This

method was successful, although the measured pressures were

27



MODIFIED POLYMER INJECTOR

PNEUMATIC CYLINDERS

WIRE FEED
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not as high as was assumed. At this stage of deveiopment it
was decided to run tests at very slow speeds to investigate
further the "bamboo" effect which occurred at the lower
drawing speeds. The small bull block was reduced in size to

. 50mm diameter and using an adaptof 100mm diameter, the original

size was retained (see Fig 16 and Plates 4 and 5).

3.3 Hydrostatic Rig.

When tests had been performed under industrial
conditions, the wire was‘unlubricated at staft up causing
die wear and fracture. It had been assumed that these were
a result of the lack of lubrication before the hydrodynamic
pressure had been generated. To overcome this, it was decided
to - attempt to pressurise the polymer outside the‘Christopherson
tube and feed it into the tube at a pressure sufficient to
cause immediate yielding of the wire at the die. This was to
be achieved whilst retaining the hydrodynamic capabilities’
- of the Christopherson tube. Measurements of pressure had
shown the pressure gradient in the tube and estimates of the
eguipmeht required could be made., Various considerations

were examined:—b

a) Would a seal be nééessary on the inlet side?

b) How would the polymer be pressurised? .

c) What would prevent the polymer from being forced iﬁto
the compressor oncé the hydrodynamic pressure had been
developed?

d) How would the drawing 1oad be measured?
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A simple calculation showed that a pressure of around
1000 bar could be maintained before significant leakage
could occur through the inlet side of the Christopherson

tube and so a seal would not be reguired.

There are two basic methods of pressurising polymer
in use in injectors; screw injectors and straightforward
compreSsion injectors. A screw injector would require a
motorised drive to cause a rotation of the screw and also
some form of direct force to cauée it to be driven into'the
cylinder, A simple ihjector would only require a direct
force. A few enquiries revealed -that a simple ihjector was
available in the department for no cost and so it was decided
to incorporate this unit into ths design. Some method of
forcing the piston into the injector cylinder was réquired.
The best way appeared to be either.pneumatic dr hydraulic,
and since compressed air was available, pneumatic power was
chosen., A choice of air cylinder was now required. This
necessitated a knowledge of the pressure required to be
developed by the polymer, It wés consideréd that a pressure
of 50C bar injected at a -suitable entry point in the Christ-
ophersén tube should be suffiéient for the purposes. Since
only5.5bar (80 psi) was available on line, a'faifly large
pneumatic cylinder was required if 500 bar was to generated
directly. (The injector was 25.4mm diameter and would
therefore require a direct_force of approximately 2.54 x 10* I
or a cylinder of 254mm diameter (10") for this to be achieved).
There were also problems of where to put such a large cylinder,
since the space on the drawing bench was very restficted.
Two 100mm diameter (L") pneumatic cylinders became available,

so the design proceeded using these as motive power. The

0
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the cylinders had a 150mm (6") strokeand in consequence, were
00 long to be mounted next to the Christopherson tube., The
10gi¢al place for these appeafed to be below the bench., A
simple crank arrangement allowed the injector to be mounted
horigzontally. Since the two 100mm diameter cylinders were
not equivalent to a single 254mm diameter one,.a mechanical
advantage of three was required on the crank. This allowed

a movement of '50mm at the pisﬁon. A few simple calculations
were performed to find the‘required thickness of the‘crank

and the diameter of the pivot pins.

It was realised that the pressure develdped hydro-
statically would be.less than that developed hydrodynamically
and that some form of non-return valve would be reguired to
prevent leakage of pressure from the Christopherscn tube to
the injector, once drawing had commenced. A simple ball
valve was designed to be fitted into the Christopherson tukte

at the injection point.

It was not feaéible with this new equipment to measure
the draﬁing load by means of the load plate as before since
it was necessary to clamp fhe Christopherson tube. Therefore,
a sﬁrain gauge bridge was constructed on a specially reduced
paft of the bull block shaft. This necessitated the use of
mercury cell transmitters from the gauges on the reotating
shaft to the recording instruments. The transmitter used was
a Vibro-meter Sa type 4UMTA/T. This unit allowed the speed
of rotation of thé bull block ﬁo be measured by the use of a
magnetic sensor fitted into the body of the transmitter. The
output from the gauges was fed, via the transmitter, to the
UV recorder énd the output from the magnetic sensor passed

through an amplifier and then to a digital counter which,

3l



when calibrated, gave a visual indication of the drawing

\speed.

A detail drawing of each component was produced and
the equipmeﬁt was manuféctured. No special manufacturing
technigues were necessary. A.general arrangement drawing of
the équipmeht’is shown in Fig ﬁ8. Fig 16 shows the modified
bull block and_Fig 17 shows the new Christopherson tube unit

with non-return valve. Plates 2, L4, 6 and 7 show the final

‘form of the equipment.
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CHAPTER L. TEST - -PROCEDURE AND RESULTS FROM THE TESTS.,

The following chapter explains the experimental
procedure used in the tests and highlights any areas which
created unusual problems. The results from the tests are

presented here in graphical form for convenience., Appendix V

contains a catalogue of the most important results in tabular

form.,

4.1 Test Procedures.

- The test procedure varied as the experimental
equipment was modified. Two sets of test procedure were
adopted; one for the basic hydfodynamic‘rig and the other
when an extefnally pressure aided equipment was used. These

will be described in detail.

L1, Test Procedure Adopted for the Hydrodyhamic Rig.

Before test runs could be conducted, a short length
of wire needed to be swagéd down to below the diameter of
the‘die SO that it coﬁld be pushed through the die énd
attached to the bull block. Having done this, the coil of
wire was placed in the feed mechanism and fed through as
described. The guards were placed in position. The polymer

melt chamber wgs filled with the appropriate amount of

W
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polymer and the temperature set on the thermostat. The
“heater band, thermostat and instrumentation were switched

on, The polymer was quickly meltea, but the Christopherson
tube required at léaSt one hour to reach a steady temperature
(two thermocouples.gave the temperature gradiént in the
Christopherson tube). After the‘one hour soaking period,
temperature stability was achieved and‘tests were allowed to
préceed. The motor was started and set running at the desired
speed ( the motor speed was adjuétable‘by altering the
position of the commutator brushes). - The ultfa-Violet

' recorder paper was.sét in motionband the clutch engaged;

"The load and'pfessure readings were recorded by the UV
recorder, which left only drawing speed and temﬁerature to be
noted. Se#eral metres of wire were drawn. The speed was
then changed and the test procedure repcated until all the
tests had been conducted, or the wire coil had been expended.
(several very long runs were conducted to investigate any
changes in the measured parameters as time progressed). It
waé now necessarj to measure the coat thickness (if any)
produced on the wire. This was done by the weight loss
method. The drawn wire -was removed from the bull block and
'separated into individual runs. Four sampleé of wire (zbout
200mm long) were removed from the length of wire and placed
in marked envelopés. Each of these were later cut in half,
one piece being weighed,‘stripped of polymer and reweighed.
The remaining piece could bebuSed for subsequent tests if

- necessary and prbvided evidende of the coat present. Since
the density of the polymer was known and the length and
diameter of the piece of wire could be easily measured, the
thickness of the polymer coat could be calculated. The

average thickness was calculated from the four éamples taken
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and used in the results. A qualitative assessment of coating
adhesion and coat quality was made whilst removing the coat
during weighing. The UV'recofder gave values of pressure at
three points along the Christopherson tube'as the drawing
progréssed, together with the variations.in drawing load.

The average value of each was taken and noted with the other
information on the test sheet. A typical trace from the UV
recorder is included as Fig 19. Experiﬁents were conducted

as above on three types of wire; copper, 18/8 stainless steel
‘and 60/65 carbon steel. The wire used was 1.62mm diameter in
all cases. A change in reduction of area wés achieved by

using different die sizes. Three sizes were investigated;
1.58, 1.49 and 1.37mm diameter giving 5%, 15% and 30% reductions
in area respectively. A 12° inclusive die angle was used on |
all dies. .Several polymers were‘tried but Alkathene WVG 23

was used for most of the tests,

L4L.1.2 Problems Encountered with the Hydrodynamic Rig.

Few problems were met during operation of the apparatus
after initial modifications had been undertaken. The most
significant problem was that of the die seal. After a long
series of tests on 60/65 carbon steel wire, the copper seal
became extruded through the gap formed by the dié and the
Christopherson tube, causing leakage of pressure. Several
new seals of varying hardness and size were made and tried,
but the problem still remained. A change ffbm copper to

aluminium alloy for the seal proved to be successful. After
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initial runs the aluminium seal had bedded down and become

work hardened. Extrusion of the seal no longer occurred.

Problems were encountered using the pressure transducers.
It was thought that the readings were much lower than was
actually occurring.‘ An estimate of pressure had been made
assuming the pressure at the dié end was close to the yield
stress of the wire. Several efforts to improve the validity
of the results were tried. The transducers were placed as‘
close as possible to the bore of.the Christopherson tube,
but the results were.still the séme. (This was done to
reduce the effécts of dompressibility of the melt around the
transducer). Results Were taken with the Christopherson tube
- in this condition. Later theoretical work showed that the

pressure was not as high as was first thought.

The first two metres of wire from the first run after
cleaning out the die were uncoated. This was because the |
Christopherson tube and seal area‘were not filled with polymer
after cleaning and required a finite length of time to be
filled with polymer by ﬁeans of the incoming wire. Subsequent
runs required about 300mm of wire to build up enough pressure
to encourage hydrodynamic action., It was this lack of coat
and the subsequent lack of lubrication that had caused
problems when full scale plant trials had been undertaken
previously. In order to improve the start up, it was decided
to attempt t6 preséuriée the polymer melt externally and feed
this pressurised polymer into the Christopherson tube at a
suitable entry point, prior to drawing. As mentioned in
Chapter 3, modifications to the apparatus were undertaken.

This new rig required a different test procedure.
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Leo1.3 Test Procedure Adopted for the Pressure Assisted

Apparatﬁs.

The wire was1fed through the Christopherson tube and
the die to the bull block as previously described. Water was
supplied to the cooling band around the feed cylinder. The
feed cylinder and polymer melt chamber were filled with
polymer and the heater bands were switched on.‘ All.recording
instruments were switched on. One hour was allowed for the
apparatus to reach a steady temperatufe. The temperatufe
of the feed cylinder thermostat was set at 20°C aeove that
~of the melt chamber to allow for the heatllosses that may
have occurred between the feed cylinder and the Christopherson
tube. When a steady temperature had been achieved; the motor
was started and set running at the.desifed speed., The UV
recorder paper was set in motion and compressed air supplied
to the feed cylinder arrangement. A short period was allowed
for the pressure to become fully developed and the clutch |
was then engaged. The alr pressure to the feed cylinder was

then removed and the tests proceeded as before.

Pressure was measured at only one position in the
Christopherson tube in the area around the seal (position L
in Fig 17). The pressure generated by the feed cylinder
was also monitored. The load reading was‘taken from strain
gauges attached to the bull block shafi having been
transmitted to the display instruments by'the mercury cells
fastened to the end of the bull block shaft as described in

Chapter 3.
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Lot Problems Encountered with the Pressure Assisted Rig.

The pressure assisted Christopherson tube had the
desired effect of reducing the uncoated length of the wire
at start up, howevér, it is felt that this reduction could
have been greater than was achieved. ' The polymer feed cylinder
was calculated to give a pressure of 50 MNm—2 at the
Christopherson tube. The losses were much higher than

-2

- anticipated. A pressure of>20 MNm was measured by the

pressure transducer placed in the end plate of the cylinder.

The bench reQuifed stiffening in highly stressed
- areas to prevent the whole bedplate from bending. Before
stiffening, the top of the mounting bracket to which the
Christopherson tube was attached moved visibly by 10mm as

the pressure was applied.

It was found that insulation was required between
the Christophefson tube and the retaining bracket to which
it was attached. Without the insulation, heat was conducted
from the Christopherson tube .to the bracket, causing the
temperature of the Christopherson tube to be too low for the
-polymer to remain moelten. A 3mm thick asbestos plate
sandwiched between the Christopherson tube and the bracket

cured this problem.

The load readings from the strain gauges on the bull
block shaft were not as accurate as was hoped, since an
oscillation in the readings was present. The pitch of an

oscillation corresponded to one revolution of the bull block.
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All efforts were made to alleviate this effect but these
were unsuccessful, and consequently, only readings of average

drawing load were possible with this apparatus.

.2 Determinatioﬁ of the YieldFCharactePistics of the Wire.

Compression tests were conducted on the wires using
a Hounsfield Tensometer. Very small samples (1.5 diameters
: long) were cut from the wire coil and subjected to compression.
The platens of the compression tester were lubricated in an
attempt to obtain homogeneous compression. Readings of load
.vand extension were obtainedvat close interval throughout
the tests. These readings were converted to true stress and
natural strain values knowing the initial length and diameter
of the wire and assuming constant volume and no "barrelling"

of the sample'had occurred during compression, ie:-

True Stress ¢ = L4W. h where: W = load
2

7tdo” ho do = original

diameter

ho = original

height
h = height
when loszd
is W
Natural Strain € = 1n(ho)
| (h )

The results from the compression tests on copper wire

were obtained on the basis of several tests and the results

L6



are shown as Fig 20, A number of simple tensile tests showed
that the initial yield peint of the copper wire was around
100 MNm‘Q, so an average stress-strain curve was drawn through

' this point as shown in Fig 20,

The compression tests for 18/8 stainless steel and
60/65 carbon steel produced the curves as shown in Figs 21 and

22 respectively.,

The stress-strain characteristics were assumed to

-take the form:-

Y =Yoo+ Ke™ where Yo = initial
yield stress

€ = naturesl
strain

n = strein index

K constant

These were shown to be:-

For copper wire — Y = (1 x 10%)+(3.41 x 10%) €°25

For 18/8 stainless steel wire -

Y = (3.4 x 10%)+(16.3 x 108 ) €°73

For 60/65 carbon steel wire -

Y = (12 x 10®)+(7.2 x 108 ) €3S
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MQB Result from the Tests.

The results are presented here in graphical form for
convenience. The following.test conditions may be assumed

to be standard unless otherwise stated:-

_Christopherson tube length B 60mm
Chrisfopherson tube diameter ‘ 2mm
Wire diameter -1 .62mm
Die angle | - 1%?

The polymer used was Alkathene WVG 23.

L4.3.1 Results of Coat Thickness v Drawing Speed.

Fig 23 shows the coat thickness produced on copper
Wirs using a 30% reduction die at varying speeds and temp-
eratures. There was a marked difference between the.polymer
temperature of 180°C and the othef two températures. The
curves for 13500 and 15000 were not significantly different
but varied with respect to the‘bamboo transitions. At a
- polymer temperature of 13500 the copper wire fractured at and
below 0.37 ﬁs“i but breakage did not occur at the other two
temperatures. (The fracture is believed to have been caused
by an excessive reduction in cross-secticnal area due to the

bamboo effect and is discussed_later).

54



Several observations were made from the results of

copper: -

3)/ Bamboo occurred at low drawing speeds

b) Below a certain speed bamboo always occurred and sbove
another, never occurred. Betweeh these two speéds,
bamboo occurred randomly (often one run céntained both

~ smooth and bamboo coated wire).

c) Hydrodynamic action always occurred (except for start up,
when a short length of wire was poorly lubricated until
the pressure was sufficient to cause hydrodynamiq
lubrication, and for the initial run after the Christoph-
erson tube had been cleaned out, when about 2m of wire
remained uncoated at start ub).

,67/ Polymer adhesion was better at slower speeds (especially'
when bamboo was present) and was not improved by higher
polymer temperatures.

;)/’The quality of polymer coating was reduced as drawing
speed was increased.

f) When bamboo occurred, mechanical vibrations from the

machine were noticed,

Fig 2L shows the coat thickness produced on 60/65
carbon steel wire when using a 30% reduction die at varying
speeds and temperatures. These results show the same general
trends as‘those for copper wire‘although the various conditione

" were not as well defined, with the graphs produced being less
uniform (coat thicknesses at 135°C were almost random).(jCoat
thicknesses were much lower than those on copper at all speeds

and bamboo was generally more severe> Wire breakage occurred
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at all temperatures (0.76 ms~* at 13500, 0.92 ms~t at 150°C

and 0.36 ms~* at 180°C).

At low temperatures, hydrodynamic lubrication did
not always occur for steel wire. The higher polymer temp-
ératures improved this. It was noted that for steel wire,
the lower the temperature, the greater the speed at which

bamboo ceased- to exist,

(%ig 25 shows the coat thickness produced on copper
~wire for various wire reductions at 150°C and varying speeds.
It can be seen that a 5% reduction die gave greater thicknesses
than the other two reductions at.very low speeds, but the
‘differential was reduced as the speed was increased. A 30%
reduction.die gave marginally greater coat thicknesses at '
speeds above about 1 ms~!, The bamboo transitions were

shorter and bamboo ceased to exist at lower speeds for smaller
wire reductions. &A.qualitative assessment of coat quality

and adhesion showed that quality was improved with smaller

reductions but adhesion was not affected byireduétioh. >

Fig 26 shows the coat thickness obtained on 48/8
stainless steel for different wire reductions at a constant
temperature of 15000 for varying speeds. The general trends
were the same as those for copper and carbon steel with coat
thicknesses between the two. At very low speeds, the 5%
reduction die gave much greater thicknesses than the higher
reductions, buf aé the speed was inéreased, the die size made
little difference. The adhesion was improved with a greater
wire reﬁuction but the coat quality remained unaffected by

the die size,
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Fig 27 and Plates 10, 11 and 12 give an illustration
of the bamboo defect which occurred at the lower drawing
speeds. Note that the wire itself was deformed where bamboo

had occurred.,

L.3.,2 Results of Pressure and Load.

-

Fig 28 shows the pressures measured in the Christ-
opherson tube for copper using a BO%lreduction die at a -

polymer temperature of 15000.

The number on each curve refers to the position of the
pressuré transducer in the Christopherson tube (see Fig 15).
The curves show that pressureAwas essentially constant at
high speeds, but at very low speeds (below about 0.3 ms—*)
the pressure increased as speed was reduced for position 1, 2

and 3, but pressure at position 4 reduced (close to the die).

Fig 29 shows the same curves for copper using a 5%
reduction die, Similar values were obtained, but the "dip"

in the curve was more pronounced.

Fig 30 gi#es pressure curves for 18/8 stainless steel
at a polymer temperature of 1500C. The rise in pressure as
speed was reduced is clearly shown, pressures at low speeds
being around two times greater than the average pressure at
' higher speeds. The pressure at position 4 in this case

follows the trends as in the other positions.

Fig 31 shows the same curves for 18/8 stainless
steel using a 5% reduction die. Similar overall values were

obtained, althbugh the pressure at low speeds was not as high



as that obtained using a 30% reduction die.

Fig 32 shows the drawing load méasured for all materials
at varying speeds and wire reductions and at é constant
temperature of 150°C. The drawing load was greater at low
‘speeds and reduced in a similar manner to the pressure curves
as the speed was increased. The cur&es for 60/65 carbon
steel and 18/8 stainless steel at 30% reduction were of the
same order. A 5% reduction die gave lower drawing loads for
18/8 stainless steel but for cdpper wire the die size seémed
to make little difference tolload. These frends follow

directly those of the pressure in the Christopherson tube.

L.3.,3 Miscellaneous Results,

A number of runs were cut short by deliberately
severing the wire between the-die ancd the bull block. The
. wire was then pulled out backwerds through the die and closely
inspected to investigate the deformation in the die. Fig 33
shows the experimental readings taken compared to an assumed
die profile. - The figure clearly shows that deformation |
occurred well before the die and did not follow the shape of
the die itself, Close correlation was achieved betweeﬁ the

assumed die profile and the pointsobtained eXperimentally.

The inclusion of pressure feed to the Christopherson
tube had the effect of reduciﬁg the uncoated length of wire
at start up. Figs 34a and 34b show the traces obtained from

the UV recorder of pressure in the seal area both with and
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without the pressure assisted feed., The effect was to
increase the starting pressure, so reducing the time required
to reach full pfessure. Fig 34c shows a trace of pressure at
start up after cleaning and refilling the Christopherson

tube. It is evident that th¢ pressure was not developed
until the whole system was full of polymer, and a large amount
of wire had been pulled through. Fig 34d shows the system
under the same conditions as Fig 34c but with the addition

of éxternal pressure. The time fequired to reach full pressure

was greatly reduced, showing the effectiveness of the system.

Fig 3%5a shows a trace of load as timékprogressed. It
can be'.seen thap the load was constant after about 30 seéonds.
This is interpreted as the time required to reach temperature
stability. Fig 35b shows the hydrodynamic build up, which
may be related to the pressure curves, Figs 3. When bamboo
was present the traces of load with the time scale greatly
expanded, produced a sine wave which had the éame pitch as the
bamboo and an amplitude of approximately 10% of the load. It
is interesting to note that the pressure curves indicate the
presence of bamboo, since a fluctuating line was recorded
when bamboo was present., This suggests that bamboo was

initiated in the Christopherson tube.

Many different types of polymer/wire combinstions
were tried in the investigations, with varying amounts of

success. A summary of the results is included here:-

Polypropylene; Coét thicknesses were almost random. Required

| temperatures above 250°C to obtain a coat, since the
polymer was not fluid enough below this'temperature
ﬁo allow flow to take pléce. Wire fracture occurred
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at and below a greater drawing speed than for WVG 23.
Generally the coat on the wire was good but adhesion

was poor.

Polyvinylbutyral; A coating was very difficult to obtain. A
coat could be achieved at very low speeds, but bamboo

was very severe, Adhesion was excellent.

Nylon; The melt temperature of the polymer was too high for
the equipment (the highest temperature possible for

the rig was 260°C).

Rigidex; Again a coating was difficult to obtain. -The wire
continually fractured due to high viscous drag in the

Christopherson tube.
Polystyrene; Same comments as Rigidex,

Diakon; Same comments as Rigidex.

From the abovelstatements it-is clear that only
certain polymers are applicable under the conditions and
.geometry used. The main problem was one of wire fracture due
to high viscous drag in the Christopherson tube. (The drawing
foérce was higher than the strength of the wire). A further
common problem was the deterioration of the'polymer at high
temperatures and a nauseating smeil given off by some of the

polymers as they deteriorated.

Steel wire was used with polyvinylbutyral, but the
results were not encouraging. ~The carbide die pellet became

subjected to undue stress, causing it to fracture.

A full discussion of the results is presented in

Chapter 8. . 57
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FIG 27 DIAGRAMMATICAL
* REPRESENTATION OF BAMBOO

" COATED WIRE

" 'NECKED WIRE
AFTER STRIPPING

® 1.28
TYPICALLY

 (DIE~1-34 DIA)
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PLATE 10 SAMPLE OP
COPPER WIRE SHOWING
BAMBOO AND NECKING
(0.302 ms”1, 30%,
150°Ce Coat thickness
0 .083mm)

PLATE 11 (COPPER,
0.4 ms"1, 150°C
Coat thickness 0.0%mm

PLATE 12 (18/8
0.41 ms*15 30/, 150°C
Coat thickness 00 66mm
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FIG32 DRAWING LOADS
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CIU J%a UV ITRALE Wi ITHURUSIALIL

PRESSURE Copper ~ 30% reduction;;

, load 150°C ; 0-27 ms"
. <drawing st —\\ drawing starts
| ‘.:",'-”:"j if) o A

f
SEAT U S :y': '2" !
e

|

hydrostatic pressure
\ ( 250 bar)

f
' i [

pressure at position @
(1125 bar)

\ /(250 bar)

datum_for pressure ()

-1
paper Aspeed' 12.5mm s
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drawing starts
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pressure at position @
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paper speed 12-5mm s
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FIG 34b UV TRACE WITHOUT HYDROSTATIC
PRESSURE
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CHAPTER 5. ANALYSIS OF THE PROCESS.

This chapter examines previous theories as applied
to the Christopherson tube/die unit with regards to their
shortcomings and advantages. A critical survey is also made
of the small émount of work which has previously been carried

out on polymer melt lubrication. .

The present study utilises an empirical expression
reiating shear stress and rate of shear with an eiperimentally_
derived pressure coefficient of viscosity,‘in determining the
coating thickness possible on the wiré. The theory contains
the effect of a limiting value to the shear stress which
exhibits itself as slipvin the pol&mer. On the basis of
ekperimental evidence, it 1is apparent that deformation
commences before thé wire reaches the die, in the Christopherson
tube itself, with the die effectively acting only as a seal.
Under these conditions, the die geometry becomes of secondary
importance and the deformation actually takes place as 1if an
effective die of continuously changing die angle is being
used. To take this aspect of the process into account, a
mathematically described effective die shape is used in the
“present analysis. The plastic strain hardening propertics
and strain rate sensitivity of the wire material are also

incorporated.



5.1 Critical Review of Previous Analyses.

The Christopherson tube was introduced by Christ-
opherson and Naylor® in 1955. In their analysis they could
obtain the expressions for the drag and pressure in the tube
in terms of the geometrical constants of the tube, provided
'that the flow rate of lubricant was known. They used in their
analysis a parameter Which described the eccentficity of’ the
wire in the tube,.the“validity.of which has been questioned®®s 27
The familiar Reynolds equation was used as a basis of this
work., Later work carried out by Tattersall?® imprﬁved upon
Christopherson and Naylor's work by examining the tube in
three zones; (i) the parallel portion of the tube, (ii) the
entry to the die and (iii) the deformation area. His work
also used Reynolds equation as a bgsis and assumed that the
viscosity of oil increased in an exponential manner with
.incneasing pressure; His work also included the use of soap
as a lubricant. He noted that the rheology of soap at high
shear rates and at high pressures was little known, and used
his experimental results to obtain a graph of viscosity

versus wire speed.

VThe.ﬁext work to be published (although it appears
to have preceded Tattersall's work) was that of Osterle and
Dixon®?. Their work included the effects of temperature
variation in the tube, but assumed that the wire deformation
followed the shape of the die, which dces not occur for
hydrodynamic lubrication. Chﬁ28 used Tattersall'’s eqguations
and solved them using computer techniques to develop design

graphs for nozzles.
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More recgntly, Dowson et al®® published a more
comprehensive analysis for plane strain drawing which could
.be‘applied to wire drawing (although the work did not‘refer
to inlet tubes). They defined four regions, namely; (i) Elasto-
hydrodynamic inlet region, (ii) Plasto-hydrodynamic inlet
region (iii) Plasto-hydrodynamic fegion in the land and
(iv)“Elasto—hydrodynamic outlef region. Their work showed
that a simple rigid-plastic analysis was gquite accurate,

ie. the elasto-hydrodynamic inlet region need not be considered.

All of the above analyses used either oil or soap
as the 1ubficant, defining the viscosity either as a constant
or by using an empirical pressure-viscosity relationship. All
of the above assumed that the fluld was Newtonian in respect

to shear stress and strain rates.

The use Qf a polymer melt as a lubricant in wiré
drawing was introduced in 1977 by Thompson and Symmons3°.
Their analysis included the effects of temperature variation
in the thickness direction but assumed that the melt
" viscosity was a functioﬁ of -the temperature only and could
be treated_ag a Newtonian fluid using the concept of apparent
viscosity. ILater work by Symmons, Stevens and Thompson>?
again used the apparent viscosity, but introduéed the effect
of a critical shear stress and substantiated the theory with
a limited amount of experimental results. The most recent
addition to these polymer melt analyses is the theory proposed
. by Stevens'®, His work also assumed an apparent viscosity
determined from the rheological data for the polymer used.
The effect of a critical shear stress was included which gave

a two stage flow curve - one for sub-critical flow and another
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one for critical flow. Stevens produced a computer aided
solution and showed the effects of -altering the geometric

and rheological variables.,

The present analysis aims to overcome fhe shortcomings
of the previous analyses by including shear stress and rate
of shear components and pfessure coefficient of viscosity,
togéther with the effects of a limiting shear stress. The
strain hardening and strain rate'sensitivity of the wire

material are also incorporaved into the analysis.

5.2 Analysis.

[=4

Fig 36 shows the principal geometric features of the

die assembly considered in the following analysis.

The following assumptions are made:-

a) Flow of the polymer melt is laminar

b) Flow of the polymer melt is axial

c¢) The thicknéss of the polymef melt layer’is small compared
with the dimensions of the Christopherson tube

d) Pressure in the polymer melt is uniform in the thickness
direction |

e) Deformation occurs isothermally

Referring to Fig 36 and équating stresses in the x direction:-

~0xmD* + (Sx+ddx)n(D+dD)? + p(xDdx)sina + T(xDdx)cosy = O
‘ L cosa sina
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Rearranging and ignoring powers of dD leads to, -

£dydD + xDASx + prtanadx + Tcwdx = O
Pl :

But dD = 2dxtana , hence,

0xdD + Ddoy + pdD + 2Tcdx = O .
2

Also, 2dx = dD = dDcota , therefore, - '
tanax '
6xdD + Dddy + pdD + TcdDeota = O .
2

Hence,; -

DAy + 2dD(dx + p + Tccota) = O . ceces (1)

Radial equilibrium gives;

- 6p(7nDdx) = -p(zxDdx)cosa + T (xmDdx)sina ,
cosa cosa
hence,
6p = -p + Tctana = -p(1 - Tctanx) .
P

The value of Tc has been shown to be of the order of
1072 and since tano is very small, Tctana is of the order
: p
107, The term Tctana 1is therefore ignored and the state

D
of stress is cylindrical, the principal stresses being;
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di_'—'dx’d?:ds:d = =P

Hence by using Tresca or von Mises, the yield criterion

becomes;
6, +p=Y and substitution in equation (1) gives:-
Ddg, + 2aD(Y + Tccota) = O ceese (2)

quuation (2) is the basic differential equation governing

the deformation process. The experimental results show that

deformation commences before the wire reaches the die., Under
~these conditions, the angle a is not constant, but the wire -
,profile ‘measured from the exberimental results (Fig 33)1i

may be given by:

1i . : .
y = A + Bx'3 where, from the geometry of the
L(xlé X <X, system; A = Ea
2
B = (D1 - A)
2
i,
3
(CF.L)
-%
Hence, - dy = Bx 73
ax 3
therefore, cota = 3 ' cesce (3)
2
By~ 2

Substitution of equation (3) into (2) gives;

d6. = -2YdD - 6Tc dD
X — Tz
D B Dx % covos (1)
| 81



but x is a function of D iej -

: 1
y= D = A+ Bx’
2 -
therefore,
X = ((P_ - A) l )A3 0000 (5)

2 B

Substitution of equation (5) into equation (4) gives;

d6. = -2Y @D - 6Tc dD (D® - DA + A?) ceees (6)
X = —_— = = -
D B> P

The strain hardening characteristics of the wire are assumed

to take the form:-

Y = Yo + Ket where € = 1n[gﬂ
: D

as shown in Figs 20 - 22

therefore, Y = Yo + K(lngi)p
D

ie, Y is a function of D and must be included into equation: (6)
before the integration is carried out.

Hence equation (6) becomes:-

ad, = ~2¥odD - 2K(1np:)”dD - 61c(D? - DA + A%)dD
D DD gy D

Integration gives;-

_ - 'n+1 '
o, = -2YolnD + 2K (1nD1) ~ 6% (D® - AD + A2InD) + constant

(ns1) D B 8
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In order to arrive at suitable boundary conditions, the

equilibrium of the wire in the tube must be considered.
leads to,
"o, = LTcLgg where Ly = (1 - CplL .
= .

the boundary condition then becomes;

at D =D ; O, = LicLy,

Da
hence,
constant = LTcL + 2YolnD: + 6Tc (Df - AD1 + A21nD1 )
Dl y . B3 8 '

giving, -

X

D (n+1) D BB

+ Agln 21] ) -+ LJ-TC L .oo"c
L) DL OF

and since p=Y-¢6 »

This

6 = 2Yoln'[gi] + 2K (1n D)™ 4 61 ((D2-D2) + A(D-D1) +

(7)

p = Yo(‘l—ln[Dir)‘ + K(1n %1)11(1-' 2 (InD1)) - 6T ((D2-D?) +

D n+1 D B3 -

+ A(D-D1) + A%1n %1 ) - g;c Lo
. ‘ 1

1
where D = 2(A+B(x) )



For a complete solution, the strain rate sensitivity of the
wire material may also bé taken into account. A general
solution was attempted, but proved impossible to integrate.

The mean strain rate will therefore be included.

€ = (-2 ap). 1
D dat
VT 28-S
19 = 1 / é d.X
m Xo2—X1 X1
therefore; -

1l

Q—»IQ:
cHx

- o
Eo= =2 [x o)
¥2-Xy Jx1 D

but dx = U(Ds)? (from volume continuity) ,
at D
hence,
— Xo
E = =2UDF f a
Xo-Xg4 JXa Dj
= + _UD? [ 1 JXQ
Xo=X1. 2
D2 .,
When x; = 0; D = Ds
Xo = CF'<L; D = D1
therefore,
€. = UDE [1 -1
n Cpel |2 o
F° |D8 D2

S



A flow rule of:the form;

g =Yad = (1+ (ém)vT) ‘ where Yd = dynamic yield stress
N .

K:lK:
0

Ys

static yield stress
" has been proposed>?,
Combining this with equation (7).gives£-

)n+1

6, = 25Yo0.1n(Ds) + 2KS(1nDs +

x D ‘n+1 D

+ 6Tc ((DF-D2) + A(D-D1) + A%2.1n(D1)) + LT L o eee (8)
: B3 8 : - D D4

It is now necessary to determine some function for T¢
in terms of known parameters. This may be found by considering

the polymer melt flow in the Christopherson tube.

As the thickness of the polymer melt 1ayer~contained
in the Christopherson tube is small compared.with the
dimensions of the tube, the analysis of flow is carried out

in rectangular rather than cylindrical coordinates.

An empirical expression relating shear stress and
rate of shear can be:-

3

T + kT = TIOQ.V. ’ LI I (9)

oy’
This equation was first suggested by Rabinowitsch®® and was
used by Rotem and Shinnar®* and Swamy et al3® to investigate

flow of non-Newtonian fluids. This equation has been shown
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to be applicable to polymer melts as shown in Fig 7.

Equilibrium of the melt in the tube gives:-

_a_g = _@_1:_ X L+x so0ee e (10)
ox TR *))
Integrating equation (10) gives;

T = p'y,+ TC b ~ o ‘ooooo (11)

where p = 9p

ox

Tc = shear stress at
. y’= O

Substituting equation (11) into (9) gives:-

_8_\5'.—: P./_XI'*' T + .IE(PI 3y/3 + BP/ 2‘.),12.1:c . 3p/y'.rc2 + Tca)
ay .“0 TlO 1]0

Integration gives:-—

v =y Ty + k(y 3y*p/ 2y0t +30 y? e ®+ 10Y) + constant ... (12)
27, T Mo 2

Considering the boundary conditions.

Two regimes may be considered; at slow drawing speeds
when slip is not present and at higher speeds when the effect

of slip must be included.
| For conditions of no slip:-

'VVh.en yI:O;.V:U oo e (a)
y’=h;V=o ee e oo (b)
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Applying boundary condition (a) to equation (12); constant=U

therefore,

v=p'y?+ Ty + k(o 3yt 253t 430 YT+ V) + U eeees (13)
2 ) .

21]0 Tlo no

The rate of flow of polymer melt through the die may be

obtained by integrating equation (13) thus,

~

-3

h
Q=] v ay’
] 40

Q = p’h%+ Tch® + k(p/3h%+p/2hit+p/n’tc 2+ 1¢h?) + Uh  ..... (14)
gno 2N M, 20 L 2 2

Applying boundary condition (b) to equation (13) gives;:

0 = p h? + Tch + k(p/3h*+p/2h3c +‘§p’h2Tt29h TPh) + U eeese (15)
21, T Mo L 2

This equation may be used to find T, provided p' can be

found in terms of the other parameters. The Tresca or von Mises

yield criterion for the wire in the tube gives;

Y=p+ & as before, ceees (16)

X

and equilibrium of stresses in the wire in the Christopherson

tube gives;

4 = LI.-C[L as before . R (17)
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Combining equations (16) and (1() gives;

Y = P + k!cLCT (18)
Di

Assuming a linear axial pressure gradient in the Christopherson
tube, (the validity of this assumption will be discussed in

Chapter 8) ie;

(pressure p at x = x2)

LCT (x24 x 4 (L + xx))

hence ,

P = p -~ ...0. (19)

Substituting equation (19) into (18) gives;

Y = v' + 4xc
LCT
or p7 = Y klc. cee.. O)
LCT hi

Substituting equation (20) into- (15) and rearranging leads to;

0 = CimTCw + C2 T|OTc2 + 83 TOxc + C'jo + U ..o0..(21)

v/here Ci = kh(1l - 6h + 16h2 - 16h3)
o dt 14



Equation (21) above does not include the effect of pressure
on viscosity. It is known that an increase in hydrostatic
pressure increases viscosity for most fluids. For low density

polyethylene, this may be represented by; 

To= Mg + 8D .+ o+ o . 0D g 190 MNm™
’ eee oo (22)

W= Mg + ap -bp2 = ¢ .. p >190 MNm~?

(see Fig 10)
where 71, is the viscosity at
ambient pressure and a, b, C

are constants.

It will be assumed that shear‘stresses and their effects
remain independant of pressure (Fig 11 gives some support
to this assumption) and that the pressure alters only the
initial value of viscosity, y, , with respect tb shear.,
Since pressure is assumed to be constant in the thickness
~direction, it is. independant of v and therefore may be

considered separately.

Rewriting equation (20):

: . [
p=Y - u;cLST , since p = p Lop
1

therefore, from equation (22); .
M = My + 1(8bL~mY - Lal ) - 16bL2 T° + Y(a-bY) - ¢
C Bl——CT D, CT -Bf—CJ. ,

or .
CSIC2 + CgTe + C7 evoesn (23)

Mo



. 2
where Cs = 162L:T
DT
Cs = 8bL.Y - laLyn
Di .Di'
C; = Ma + Y(a-bY) - c

Combining equations (21) and (23) gives;-

O= C'1T53+02Tc2+03'l3c +C4 A+U » o000 o0 (2)4-)

Cs Tc2 + CgTc + C7

where C; - C; have been
_previously defined.
The inclusion of the strain hardening and strain rate sensit-
ivity of the wire material may be taken into account by
rewriting Y as; ' n
S(Yo + K(1nDy)") as before.
D
But since no deformation occurs in this part of the tube;

Y = YoS .,

Equation (24) may now be solved since all of the constants
., are known physical parameters.. The eqguation was solved
by digital computer, the program for which is included in

Appendix I.‘

Having solved the above ecuation for T¢ , this may
be then substituted into equation (7) giving the stress in
the wire and also into equatién (20) which gives p’ and then
substitution of Tc into equation (23) gives 7y, . Finally
substitution of T, , M, and p’ 'into equation (14) will give

the polymer flow rate, for conditions of no'slip between

0



the polymer melt and the wire. The coat thickness may be

calculated from the flow rate since;

Q=h..U, . , hence h, =0Q eeees (25)

where hd is the coat
thickness and Uy is
the wire velocity after

drawing,

Critical Melt Flow:

The conditions in the fofegoiﬁg analysis assumed
that slip did not océur. It is known that-polymers have a
maximum shear stress value, after which catastrophic slip
occurs, as discussed in Chapter 2.. The boundary conditions

for slip (for equation (12)) are;-

constant = Ta ; v = Uy  where Uy is the
velocity of the
wire at commence-

when y'= 0 ; T

1l

Y=hg; v =0 as before
ment of slip.

(These conditions assume that slip occurs at the wire-polymer

interface only and not at the polymer tube interface)
Equation (Tu) then becomes;-

Q =,2?h3 + ;ah2 + g(p;;h5+p’2ﬁ4ta+p’g3Taz.+TaZh2) + Ugh ... (26)
T]O no T]O

US may be determined from the no-slip conditions if Ty is
known (Lupton and Regester*? have quoted examples of Ty being

in the region of 10° Nm™2). This equation shows that when
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slip occurs, the flow rate becomes constant. The thickness
must then progressively reduce as the speed is increased,
since;
hd = %
d
The relevant equations were used as a basis for a
computer program to give the theoretical results which -are

presented in Chapter 6.
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CHAPTER 6., RESULTS FROM THE ANALYSIS.

6.1 Introduction.

The theoretical results dbtéined using the equations
deduced in Chapter 5 are presented here. Computer programs
were written to solve the equations simultaneously and express
the results either in tabular or graphical form on a viéual
'display unit. The development and listing of the programs
are given in Appendix I. The equations used for the
theoretical results are summarised in the order that they

require to be solved.

O=01T[-3 +C2ICQ+C3.E(.+C4 +U 00000(2L!-.)
Cs’tc2 + CsT¢ + C7

where C4 - Cy are defined

Lop (1 - CF)L

p’ = _Y_Q_ - ﬂ : oceee (20)
Lep  Da .

Mo = CsTc® + CsTc + Gy . eeees (23)

Q :.pLQ?+Tch2+§(p’3h5+p'2h4Tc +p4n3 T ?+1c?h?) + Uh ... (14)

61, 27, M, 20 b 2 2
Uy = U(Ds)? ; hy = Q ceees (25)
D2 Uy
.. 1
A=D2 3 B=_1_(Di~-4) ; D=2(h+Bx)")
2 (CF.L)i/BZ



- 1/']'_‘
) s _S =1+ (%%m)

o = 2Y0S8.1n(Ds) + 2KS(1mD: )Y 4 6T ((D2-D?) +
X - D n-+ 1 D B3 8

+ A(D-Dy) + A2.in(gi)) + LT Lo ceeee (7)
. D D 1 .

o]
1]

. 8(Yo + K(1nD:)?) - &
‘ D X

Q = p’ hP+Tah®+ k(v 0+ p/%h*Ta +p/n’ 1% +IZa’h®) + Ush (26)

[t —

21, M, 20 L 2 2

oG
=
5

Since T, is dependant upon the wire speed (U), all bf the

above equations require to be solved for each wire

Aspeed. The computer programs were arranged such thaf wire
.speeds of 0.1 ms™! to 2.5.ms"1 were solved in steps of 0.1 ms'i.
The stress and ﬁressure equations were solved at each speed

for values of x between x = 0 and x = CF.L in ten equal

increments,

The results from the analysis are given in graphical

form for convenience.

Input data. The following physical parameters were taken as
a basis from which to work and were varied in the program &as

shovn on the respective graphs.‘
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M, = 70 Nsm~? h

x = 8,07 x 10~** m?N—2

T, =1 x 10° Nm™?

a =1.1x10" 5 Data for Alkathene WVG 23
_ -14 -1

b = 1.0575 x_10 msN at 1500C

¢ = -381,76 Nsm~2 |

Yo =1 x 10° ‘Nm~2 ]

K - = 3,41 x 10® Nm~2

n = 0,25 | Data for copper wire

N = 55000
= 3.8 o

Dy = 1.62 x 1073 m ]

h =1.8x10"m Data for Christopherson tube

CF =" 005 _

Do = 1,37 x 103 m 30% reduction die.

6.2 Theoretical Coat Thickness.

Figs 37 to L6 show the theoretical effects of changing
the various parameters on the coat thickness at different wire
speeds. The results obtained uéing the standard set of data

shown above gives curves which have three well defined zones:-

a) At very low drawing speeds (below 0.12 ms~!) a lack of
coat is predicted. The wire under these circumstances

would be subjected to boﬁndary lubrication,



b) At higher drawing speeds (between 0.12 and 2.4 ms~*)

the coat thickness is increased as the speed 1s increased.

c) Above 2.4 ms™* the coat thickness is reduced as the
drawing speed is increased. The cause of this reduction
is the limiting value of shear stress - since the shear
stress cahnot increase, no further polymer can be dragged
~into the Christophérson tube, hence an increase in speed

~ causes a decrease in coat thickness. These trends are
# typical of the computed results with the speeds at which
fhe zones change and the corresponding coat thickness

altering for the different input parameters.

Fig 37 shows the effect of changing the initisl yield
stress of fhe wire maéerial. The hiéher the yield stress, the
smaller the coat thickness possible. The yield stress also
alters the speed at which the shear stress ih the polymer
becomes critical - the greater the yield stress, the lower
the drawing speed necessary to cause critical flow. Note
also that the greéter the yield stress of the wire, the higher

the speed at which coating first occurs.

Figs 38a and 38b show the effects of changing the
éap between the Wire'and the Christopherson tube. For very
small gaps the coat thickness is approximétely constant and
very small in magnitude. As gap increases; the maximum
thickness increasesAuntil a stage is reached where the maximum
thickness actually reduces for increasing gap. There is,
evidently, an optimum gap for each set of conditions conéidered.
The optimum gép for the parameters used here is 0,18mm (which

was in fact the gap used in the experiments).
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FPig 39a shows the effect of changing the length of
‘the Christopherson tube. The longer the Christopherson tube,
the greater the maximum thickness possible. The longer tubes
give essentially constant coat thickness for the speed range
shown, Little advantage is gained by using longer tubes
than necessary as fig 39b shows. Increases in length above .

0.3m produce qnly very small increases 1in coat thickness.

Fig 4O shows the theoretical effect of changing the
critical shear stress of the polymer. The effect is simply

to change the speed at which the maximum thickness 1is reached.

Fig 41 shows the theoretical effects of changing wire
radius (whilst the reduction is maintained at the same value).

An increase in wire size;

a) brings about an increase in coat thickness
D) increases the speed at which the shear stress becomes
critical

c) causes flow to start at a lower drawing speed.

Fig 42 shows the theoretical effects of changing the
initial viscosity (thié is equivalent to changing the temper-
ature of the polymer). The major effect is to change the
speed at which the flow becomes critical. The coat thickness
at critical speed is the same for all values of initial visc-

osity.

Fig 43a shows the theoretical effects of changing the
pressure coefficient of viscosity. Increasing the value of
"2" has the effect of lowering the speed at which the flow
becomes critical although the coat thickness at critical

speed remains constant. Fig L43b shows the effects of changing
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the shear component of viscosity. A reduction in the value
of k increases the maximum coat thickness but‘decreases

the speed at which the critical shear stress in the polymer
is reached. The general effect is, therefore, to reduce the

coat thickness as the polymer becomes more Newtonian in nature.

Fig L4l shows the theoretical effects of die size on
coat thickness., The smaller wire reductions give greater
thicknesses and also reduce the speed at which the critical

shear stress in the polymer is reached.

Fig 45 shows the theoretical effects on coat thickness
of including the strain rate sensitivity of the wire material..
if the strain rate sensitivity of the wire is not included,
the coat is marginally thicker and the speed for critical

flow is increased.

Fig L6a shows the theoretical effects of changing the
value of CF on coat thickness., The effect appears to be
rather unclear in that the maximum thickness for CF = 0,1 is

higher than that for C, = 0.25 but the thickness for C, = 0,000

F
= 0.25, Fig 46bb clarifies the situ-

F

is less than that for CF
ation., There is an optimum value for CF_at which the maximum
coat thickness is greatest. The speed at which the critical

stress 1is reached is changed likewise.
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6.3 Theoretical Pressure Distributions.

The analysis enabled the pressure distributions of
the polymer in the deformation zone to be determined. The

distributions were computed for different parameters.

Fig 47a shows the distfibution along the Christopherson

tube when using a 30% reduction die for two speeds when: -~

a) Assuming constant yield stress for the wire
b) Strain hardening of the wire is included

c) Strain rate sensitivity and strain hardening are included.

The deformation zone is between Omm and 4Omm along
the Christopherson tube for CF = 0,5 and L = 0,08m. A linear
pressure distribution is assumed in the undeformed region of

the Christopherson tube.

The cufves show that pressure reduces és speed increases
and that the strain rate sensitivity has more effect at high
speeds (which is expected). ‘The distribution at 2.5 ms™?
suggests that the pressure gradient in the undeformed region
of the Christopherson tube is'very small. The éffects of
speed on the pressure are more clearly seen by reference to
Fig 47b which shows the pressuré at specific points along the
tubé as drawing speed is altered. The points chosen coincide
with those uéed‘inithe-experimental apparatus. The curves
show that pressure reduces as speed is increased until critical
ispeed is reached whén the pressure remains constant. The
effect of including the strain rate sensitivity of the wire
is shown; the higher the speed, the further'apart are the

relevant curves.
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The curves for 5% reduction (Figs 48a and 48b) show
the same trends as 30% reduction but the pressures reached
are proportionately lower and the pressure distribution has

a slightly different shape.

6.4 Theoretical Stress Distributions in the Wire,

Figs 49a and 50a show the stress distributions in
the wire along the Christopherson tube at two speeds, for
30% and 5% reductions respectively. The curves should be
of interest and very uséful for obtaining some estimate of
.the stress distribution since measuréments of this parameter

would be diffigult to obtain in practice.

The stress in the undeformed regibn of the Christ-
opherson tube is linear since it is directly related to the
shear stress on the polymer. In the deformation region, the
stress increases in an exponential manner as the wire
approaches the die., The effect of including the stfain rate
sensitivity of the wire is to.raise_the.stress slightly.
Figs 49b and 50b show how the stress varies as speed is
changed at a disfahce of 20mm from the die. The stress
increases with speed until the critical shear stress of the
polymer is reached when the stress remains constant. The
effect of including thé strain rate sensitivity of the wire

-is to increase stress and has more effect at the higher speeds.

It must be remembered that the curves in the preceding

sections (6.2 -6.4) were computed assuming the wire deformed
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within an effective die shape given by the equation:-

v,
v = A+ B(x)

at all times and that the length of deformed wire remained
constant at (CF,L) = (0.5 x 0.08) ie. L4Omm from the die.
It is appreciated thét this may not be the case and that the
deformed length would probably increase as speed increased.
To this end, some method of determining the deformed length
(CF.L) was inveétigatéd. A -separate theory was postulated

and is included in Chapter 7.
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FIG 50a THEORETICAL STRESS DISTRIBUTION
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CHAPTER 7. ALTERNATIVE. THEORY.

71 Introduction.

In Chapter 6 the results obtained from the theory
outlined in Chapter 5 have been presented. One shortcoming
of this theory was in the determination of the deformed length
of wire, CF.L. Common sense suggests that this 1eng£h may
véry with wire speed, but in the foregoing analysis, it was
not possible to take this aspect into account. It was realiséd |
that if the boundary condition; T = 0 at y'= h is applicable
then a much simpler solution would bé possible. It is known
that for most fluids and processesx.this boundary condition
is not valid, however, solutions to equation (13) have shown
‘thét for fhe process considered here, this boundary condition
is approximately true for almost all conditioné. Fig 51 shows
the solution to equation (13) in‘graphical form and compares
them with those for a Newtonian fluid. The analysis for a
Newtonian fluid is preéented in Appendix II, Note that the
curves for the prgsent analysis show very small velocity
gradients at y = h compared to those for a Newtonian

analysis.

In this chapter an alternative solution developed
using the above boundary condition is presented. This
solution enables the length of the deformation zone within the

Christopherson tube to be calculated.
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1.2 Analysis.

As before it is assumed that the fluid follows the

equation; -
T +kT3 = ’noav : ’ R R ] (9)
and equilibrium of the polymer melt in the tube gives:-
%E = at ) ; aoooio (10)
X
From equation (10);

T =9y + ¢ B ' ceess (27)

/

where p = Op

Boundary conditions.

1}
en]

at y=0;1T =71 , Vv

cees ()
cess (D)

i
o

0
at y=h ;1 =0 , v

Note-for T to be equal to zero, dv must be eéual to zero
. ay,

ie. there must be zero slope on the velocity profile at v’ = h.

This is shown to be the case in Fig 51, the curves in which

are drawn from solutions to equation (13).

" From boundary condition (b):- c =-p'h
therefore,

T =p(y - h) ~ ' ceess (28)
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Substituting for T from equation (28) into equation (9)

gives; -

dv = p' (y=h) + kp’ 3(¥® - 3hy? + 302y -

1

oy Mo Mo

Hence,

v = p (3% ny) + kp'3(y* ny?

T 2 Mo

but; at y = 0, v = U therefore constant = U

Hence,

v = E{(%f+hyg + g2’3(y%—hy5+%h2ya~h3j) + U

T, To

Also at y'=h, v =0

0 = :Q, (-112_h2) + l{-.g/3(-l,_l'4_
M, 2

To

Therefore;

' h
Flow rate Q = / v dy'

hence from equation (29):-

h*+3h*-h*) + U
2

3 hence :-

Q=7 (g@:’*) + kp”*(h°-n%+h%-h°) + Uh
. 2 7, 20L 2 2

therefore;

+ 3h%y? - h®y) + constant
5 | conste

ceees (29)

ceees (30)

ceee. (31)



As before, the dependance of viscosity on pressure may now

be included;

H

", M, + ap - bp® - ¢

but, p = o' Lyp

therefore;

= o wT2 12
N, = M3 + aLCTp bLCT o) c

Hence equation (30) becomes;-

= U - / 21 /2h2 . -
0 p.2_h'.( +l§-_-9_2____) soe e (32)

(ﬂa+aLCTP,"bLéTP’2'C)

Tresca or von Mises yield criteria give;

Y=p+ G (as before)

X

and equilibrium of the wire in the tube gives;

d (as before) .

x - E%LLCT
1

Hence; -

Y =p+ 4% L

D, °T

Assuming a linear pressure gradient in the Christopherson

tube; - ie. p’' =D
Lor
gives;
Y = 4T +p/
Lor D1
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Therefore;

T = (¥ -0 )Ds
Lop L
but T = -p’h (from boundary condition (a) in equation (27)).
Hence, p’h = -(¥ - p’ )
Lo L
therefore,
p/ = YD4 Note; this is the pressure
A I’CT(Di"Lm) gradient required to give
yield and is independant
of U,
or LCT = YDs
. p’ZD:L—LLh;
_ , ceees (33)
and Cp = (LiLST)

Equation (32) may be solved simultaneously with
equations (33) to give p’ and Cp for each wire speed.
Equation (31) may then be solved to give coating thickness

since hy = % and T¢ may be found knowing T, = -p h
a

for solutions of stress equation (7) as before.
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7.3 Results from the Analysis.

A computer program was written to solve equations (32)"
and (33) simultaneously giving the deformed length of wire
'QF.L for each wire speed. Equation (31) was then salved to
give coat thickness aha stress equation (8) was solved to give
the stress and pressure distributions along the length of the

Christopherson tube.

The equations are summarised below in the order that

they require to be solved.

0=1U=-ph3(1 + kp’2p? |
2 ( 2 . e 0 s o0 (32)
/T2 2
(v, +alopp -PLgp *~c) : these need to
. ‘ : be solved
L y = YD‘.L . eco0 oo (33) SimultaneouSI.y
oT " SB mEY
P’ (Ds-hh ' since 7 and
‘ LCT are
=1+ (En) T where €m = up? (4 -1) unknovmn.
N Zi?f_f D3 D
CT J
Q:Uh— 'h3 —kD,3h5 eeceo (31)
3770 5T’°
hd = _Q‘ o0 e 00 (25)
Ud ,
T = —p’h

o, = 2Yos(1nDs) + 2KS(1nDa )™ + 67 ((D2=D?)+A(D-D, )+
D n+1 D B3 8
+A%2,1n(D1)) + urci
D Di T e e coo (7)
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p=Y-d where Y = (Yo + K(1nDs)™)s
) D

The development and listing of the computer program is given
in Appendix I.

7.3.1 Theoretical Christopherson Tube Length.

The theoretical 1ength of the Christopherson tube
was computed, the results being shown in Figs 52a and 52b.
Fig 52a shows the 1eﬁgth of tube necessary for varying
‘drawing speeds with 30%.and % wire reductions and with énd
without the effects of strain rate sensitivity. It is evident
that a 5% reduCtion would require a shorter tube length than
30% and the inclﬁsion of strain rate sensitivity would incresase
the length required. Since, in practice, the Christopherson
tube length is fixed, the length of the deformation region
(CF.L) is altered as the drawing speed is changed. Note that
at very low drawing speeds the predicted tube length is
greater than the actual tube length} The interpretation Qf
this is that a coat cannot occur since the hydrodynamic
pressure generated is insufficient to cause yielding before

the die.

Fig 52b shows the tube 1ength required when using an
"initial yield stress of 3.4 x10® Nm~2? (18/8 stainless steel).
The théory suggests that a coat is not possible at any speed
with the tube length used, and that a minimum length of 110mm

would be required.
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7.3.2 Results for Coating Thickness.

Fig 53 shows the theoretical coat thickness possiblé
on the wire as the speed is changed for wires éf various‘
strengths. The standard input values (Yo = 1 x 10 Nm~2)
produce-a curve with two zones. Firstly; below the critical
shear stress of the polymer, the coat thickness remains
essentially constant. This does not follow the previous
theory, where the coat thickness was predicted to increase
as the speed increased. The reason for this difference lies
in the fact that thé length of the deformation zone in this
modified:theory is allowed to vary and hence the pressure
reached at‘the commencement of defofﬁation will be constant.
This is substantiated by other results (see Appendix I) which
show that the viscosity of the polymer melt does not vary
widely in this zone. The second zone follows the previous
theory, whereby the coat thickness reduces for increasiﬁg

speed above the critical shear stress value of the polymer,

The effect of changing the initial yield stress of
the wire material is the same as before; ie. the greater the
yield, the lower the speed at which critical flow is reached

and the smaller the maximum thickness possible.

Fig 5& shows the effects of changing the gap between
the wire and the Christopherson tube on coating thickness.
The effects here do not appear to be the same as the previous
theory. As gap increases,»the maximum coat thickness also
inQreases. In the previous theory, further increases in gap
from that used in practice caused a decrease in'cpat thickness,
In this modified theory, the leﬂgth of the Christopherson

129



tube is seen to increase as the gap increase, maintaining a
high length to diameter ratio., For large gaps, however, the
length of the Christopherson tube reguired exceeds that used
in practice, which means that the thickness would, in fact,

reduce as the gap is increased,

Fig 55 shows the effécts of changing the initial
viscosity on the coating thickness. The effects are the same
as in the previous theory; ie. for a greater initial viscosity
the coritical speed is lower and hence the coating thicknesses
are also smaller. The effects of changing the shear constant
and pressure coefficients were not investigated since a change
in these parameters may cause the fluid to act ih a Newtonian
manner andvthe assumptions used for this analysis would then

become invalid.

Fig 56 shoWs the effects of changing die size and
ﬂeglecting the strain rate sensitivity of the wire on the coét
thickness. The effects are the same as those predicted by the
previous theory; ie. thé greater the reduction, the smaller
the coating thickness, and neglecting the strain rate

sensitivity of the wire increases the coat thickness.
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7.3.3 Results for Pressure Distributions.

Figs 57 and 58 show the pressure distributions in
the Christopherson tube for 30% and 5% reductions respectively.
These may be compared with Figs 47 and 48 from the previous

~analysis.

The most obvious difference between the two theorieé
»is the effect of the chahge in deformed length, CF.L. The
modified theory presented here gives pressure curves for
which the position of commencement of deformation changes
with drawing speed. 'This causes the position of transition
‘between linear pressure'in the Chrisfopherson tube and
deformaﬁion pressure to move away from the die as the speed
is increased. These effects cause pressure at any point to
increase as the speed is increased, whereas the previous
theory showed a reduction in pressure as the speed was

increased.

It must be noted that when the deformation length in
this modified theory is the same as in the previous theory,
the same results are obtained. This reinfbrces the validity

of the assumptions made in the analysis.
7.3.4 Results of Stress Distributions.

Figs 59 and 60 show the stress distribution in the
wire along the Christopherson tube as the drawing speed is
varied. These may be compared with Figs 49 and 50 from the

previous theory. Only very slight differences are noticeable.
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FIG57a THEORETICAL PRESSURE DISTRIBUTION
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CHAPTER 8, DISCUSSION,

In this study many interesting results have emerged,
both from the experimental tests and theoretical analyées;
This chapter aims to hiéhlight'the more salient points from
éxperiment and theory and to cbmpare the results obtained
thereby. The discussion is subdivided into five main section;
estimation of errors, experimental procedure and resﬁlts,
analysis,'comparison between theoretical and experimental

results and recommendations for future work.

8.1 Estimation of Errors.

Errors aiways arise in any experiment from the slight
inaccuracies in the variables upon which the final result
depends. An appreciation of the magnitude of the errors 1is
required so that the results may be considered with some
degree of confidence, This section examines the probable

uncértainty in the value of the coating thickness.

Theory.
If A= 0(xy s Zy eees)

then AA = OAAx + DAAy + A Az + . . . .
ox oy oz

where AA is the probable error
in A
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For multicomponent errors;

ie: P=A+B+C+ . « ¢ & where A, B and C are mean
values

Then the probable error in P is given by :-

J/QA x AA)2=+ (Bx AB)2 + (Cx AC)® + . . .

In the present work, coat thickness is given by:-

hy = %’h:’ + Tch? + kp/®h® + kp/2h* T + kp’h® T ? +
U0 29U 207U Lm0 21,0

+ Xh?T3 + h
27,0

~and therefore the error in h, is given by:-

Ah = /(dh, Ah)3+(3h, Ap” )2+(dh, A )2+(dh, Ak)Z+
d ‘ Ghd -a—f);d 81]:1 .é.l_f.d

+(8hy AU)?+(8h, At )?
aUd ard ‘

C

Before assessing the overall error in the calculated coat
thickness, consideration must be made of the errors present
from the determination of the individual variables in the

analysise.

Shear stress:- not a true independant variable but will be
treated as such here. Any erfor in T, is difficult to estimate
but a t5% error is assigned.

[y

Pressure gradient:- again, not a true independant variable.
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Errors are assumed to be +2%.

Gap:- a true independant -variable, where error is easily
estimated. If the wire is assumed to run concentrically in

the Christopherson tube, the error in the gap is dependant

on the tolerance of the wire and tube. Any temperature effects
must also be considered. The wire is assumed to have a
tolerance of i0.0127Mm. The tube can be manufactured to a
toleranée of t0,01mm. Total radial tolérance is then 0.0114mm
giving an error of *6.3% for a nominal gap of 0.18mm. "
Temperature effects were investigated and were fdund to be

negligibly low.

Initial viscosity at ambient pressure is easily détermined

and it is this that is present in.thé equations, however,

when the melt is subjected to high shear forces and high
pressures, the certainty of the value of viscosity is low.

An error of t2% is assumed for the initial viscosity.

Wire speed:- thiséwas measured electronically with an estimated
error of t1%. |

Shear constant (k) was determined experimentally with an

estimated error of t2%.

Estimation of errors;

p’h2+Tchtko’3h*+kp” ®h® Tc + 3kp/h2 T2+ kh T3 + 1
29, U M0 Lm0 0 2 WU MU

(@)] ()]
Bilb‘
1

hy = _h® + 3kp’2h® + kp’h¥Tc + kh® T
6y0 207U 21,0 21,0

n

dhy = -p'h® - 1h® - kp’3n® - kp/2h% T - kp’h® w? - kh? TP

o, 6 120 2320 2020 L 470 2 47U 2 120
_a.lld =p °h® + p2%h* % + p’h® T + KT
ok 20 3,U Ly,U 21,0 21,0
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oh, = =p’h® -1h? - kp’3n® - kp’?h* %t - kp’h3 12~ kh2 13

G 64 0° 27U% 200U Uy 3 U 23 U? 2y, U°
Sy = h? + kp’?h* + kp’h® T + 3kh2T®
aTc . 2 TloU Ll‘ noU ‘noU 2 noU

Typical values:—

T = -8.2073 x_105 and At = 4.1 x 10*

p- = L.,5265 x 109' - and Ap/= 9,05 x 107

h =1.,8 xx10"4 . and Ah = 1.14 x 107°
n; = 2.0967 x 10° and Ay, = L.193 x 10t

U =1 ' and AU = 1 x 10‘2

k = 8,07 x 107%% and Ak = 1,614 x 1012

‘These give;

oh. = 1.44 x 1073
nc

oh. = 2,296 x 10-1%
0 .
oh, = 6.815 x 107°
o,

ohy = -1.718 x 10°
ok~

ohy = 1.4288 x 107*
20

oh. = 6.4075 x 410~1©
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Hence;

An2 = (1.4 x 107% An)? + (2.296 x 107** Ay )?
+ (6.815 x 10-% Ay )% + (1.718 x 10° Ak)?

+ (1.429 x 107 AU)2 + (6.41 x 107"Opg)?
Which leads toj Ahg = 2,95 x 10~°

A typical value of h, is 3.8 x 10~°, hence an error of

d
approximately 77% could occur.,

Investigations of the error analysis show that the.
major errors.occur due to the uncertainty in the determinatiqn
§f the values of h and T, . If 1. and h could be estimated
within a 1limit of (say) iZ%, then an error of 31% is predicted
by the above analysis. Since the théoretical results are
considerably different to those obtained experimentally, this
- seems to suggest that the values of Ic'and h used in the
theoretical results were not correct. This is discussed in

detail later.

8.2 EXPerimental Procedure and Results.

An extensive experimental programme was undertaken

which produced considerable amounts of data. To rationalise
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information received, it was decided to iﬁvestigate three
parameters (coating thickness, pressure in the Christopherson
tube and drawing load) while varying as many physical |
conditions as possible - ie. drawing speed, polymer temperature
die size, wire material and polymer material.. Bamboo, coat
gual}ty and adhesion were also noted as drawing proceeded.

The Christopherson tube length and diameter, wire initial
diameter and die geometry were kept constant throughout the

tests.

The coating thickness was measured using the weight
loss method which gave very’repeatable results considering
the magnitude-of thickness present. The results showed that
"thickness decreased as'the speed‘was‘increased. An increase
in polymer temperature gave a slight reduction.in thickness
at all speeds., The effect of die size on coat thickness is
not certain, Thé results appear to show that a smaller
reduction gave an increase in thickness at low speeds and a
decrease at higher speeds. The higher tensile strength wires
produced smaller coat thicknesses in most cases but 18/8'
stainless steel at 5% reduction gave greater thicknesses than
copper at the same reduction.‘ Very high tensilé strength
wires (60/65 carbon steel) gave very small coat thicknesses -
- often no coat at all Was.observed, especially at the lower
polymer temperatures (60/65 carbon steel at 135°Ctgave

spasmodic coatings).

Alkathene WVG 23 was found to be the most promising
polymer type. Most other types investigated gave very poor
results for the test conditions used, the major faults being;

the lack of coat due to the very high viscosities of the
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polymer melts resisting flow through the tube, melt temperatures
too high for the equipment{ wire fracture because of viscous
drag in the tube, ?olymer deterioration because of the high
temperatures used and the nauseating smell associated with

some of the deteriorating plastics.

¢

- A most interesting phenomenon was encountered
throughout the tests, namely "bamboo'". This effect was
observed generally at low drawing speeds. The graphical
_presentation of the results show that a transition between
bamboo and smooth wire coating exists. No trends to the
transitions were apparent for changes in temperature, but
changes in die sigze produced narrower transition ranges for
‘smaller wire reductions. The cause‘bf the bamboo is a matter
of conjecture only, since direct proof is very difficult to
obtain, In Chapter 2, discussions were made of possible
causes of bamboo in relation to the properties of polymer
melts, Certain polymer melts have been observed to give very
unstable flow at high shear fates with subsequent characteristic
distortion when the melt solid;fied. It is not clear whether
the bamboo in this case is attributable to the same causes.
It has been observed and mentioned in the resulfs section
that the multiple necking of the wire associated with the

- bamboo originates in the Christopherson tube itself - well
beféreAthe wire reaches the die. The cause of this multiple
necking is most probabiy the pulsation of pressure in the
tube which hammers the wire into the distorted shape. This
distorted wire on entry to the die possibly gives rise to
variable shear stress in the polymer melt, causing bamboo of

the polymer on the surface of the drawn wire. Why pulsation

of pressure should occur in thé first place is the matter for
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conjecture., Once started it is easy to see that.the necked
shape of the wire would then cause a pulsation of pressure

in the Christopherson tube as the polymer was released at the
die through the reduced diameter of the wire. However, the
origin-. . i of such a pulsation is not easy to envisage. It
is possible that at low speeds the slip-stick phenomenon of
the melt against the wire produced a discontinuity in pressure
generation. Ae speed was increased, a critical shear stress

value was surpassed which then caused slip to be continuous,

producing a constant pressure (irrespective of speed) and

hence the coat thicknesses would reduce and remain smooth.

The effect of the high.pressures.on the polymer melt may

also be a contributing factor. It has been reported that at
very high pressures (above 140 MNm™2) polymer melts tended to
recrystallise®®., Slightly lower pressures were encountered
when drawing copper wire but it is possible that recrystal-
lisation was occurring in parts of the Christopherson tube,
giving riee to pressure (and velocity) discontinuities. The
effect of the discontinuities could be to initiate the necking
of the wire in the Christopherson tube. Since the results

show mainly a decrease in thickness as the drawing speed

increases, the assumption of a critical shear stress is

justified. However, the drawing speed at which the polymer
began to slip must have been very low. A trahsition between
non-critical and critical flow was seen to exist for copper
at 180°C ana 30% reduction (Fig 23) and for 18/8 stainless
steel at 150°C and 30% reduction (Fig 26), but all other

temperatures and reductions failed to produce such a transition.

One problem encountered during drawing was the

breakage of wire at low speeds. This happened mainly with
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high tensile strength wires (60/65 carbon steel) but also
with copper when a combination of high reduction and low

temperature was used.”Thglﬁyégﬁpfe_occurred as a consequence of
a severe necking of the wire as described above. It is
‘interesting to note that a reduction ratio greater than 30%
could not be achieved, probably because of the very high back

stresses involved due to the viscous drag of the polymer melt.

It had been hoped that the resulting coat on the
wire could have been used to lubricate the wire in subéequent
manufacturing operations., The results indicate that the
adhesion of the polymer to the wire was not sufficiently
strong to achieve this, Careful storage bf the wire after
‘drawing showed that the'coat could bé used to prevent

deterioration of the wire through corrosion.

The results obtained for pressure in the Christ-
dpherson tube partly confirmed the existence of slip. Pressure
readings were taken from four locations in the tube and ére
shown in Figs 29—31.» At very low speeds the pressure decreased
as speed was ihcreased at locations 1, 2 and 3 in the tube,

A minimum pressure was reached at about 0.3 ms™® and pressure
then increased as speed was increased. The presence of this
reversal was shown most clearly for 18/8 stainless steel

(Figs 30 and 31). For a 30% reduction, the pressure dropped
rapidly from 17 x 107 Nm™® to 8 x 10”7 Nm~? at location 3.
Similar variations in pressure were.dbserved at locations 4
"and 2, For 5% reduction the effect was not as marked but was
still apparent. The reason for the sudden drop in pressure

was probably the transition from no-slip to slip in the poljmer

melt, ie. at very low drawing speeds (below 0.3 ms~*) slip
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did not occur :and a high pressuré was developed. As the

speed was increased, a transition from no-slip to slip occurred
and the polymer melt was unéble to develop such high pressures
since the_velocity gradient became discontinuous. A critical
speed was reached at approximately 0.3 ms~! whereby slip.was
total around the wire., For increasing speed, therefore, no
further change in pressure occﬁrred. This is a simplified
assessment of the situation since localised crystallisation.
could have occurred as discussed previously. For the copper
wire, the pressure, once reduéed to a minimum, increased with
increasing speed. In all probability, the polymer melt was
able to accomodate a further increase in shear stress even
after slip had occurred. This would account for the increase

in pressure.

‘ Pressures at location L4 for the copper wire at both
reductions did not follow the same trends. It is reasonable
to assume that since location L4 is in the deformation zone,
as shown in Fig 33, préssures at that point would be dictated
by the deformed shaped'of the wire. The pressures at position
L4 for 18/8 stainless steel wire did not follow the same trends
as those for copper wire. This seems to suggest that the
deformation zone for 18/8 was not of the same length as that
for copper, although this was not borne out by measurement of

the deformed wire (see Fig 33).

Close inspection of the UV traces obtained from the
_pressure transducers revealed some interesting facts. When
bamboo had occurred, the pressure traces showed a distinct
oscillatioh, confirming that pulsating pressure actually

existed in the Christopherson tube. Because of these
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oscillations, it was possible to identify on the traces the
point at which the'coating had developed (measuréments of

the uncoated length of the drawn wire verified this).

It had been decided to attempt to extérnally pressurise
the polymer melt and feed it into the Christopherson tube in
order to reduce the time for the hydrodynamic pressure to build
up énd hence reduce the uncoated length of wire at start up.
The pressure traces enabled the effectiveness of such a system
to be examined. Figs 34a and 34b show the traces of pressure
at location 4 when drawing copper wire with hydrostatic
'preSSure and basic hydrodynamic pressure respectively. The
hydrostatic pressure is seen to increése the start up pressure
by an amouht dependent upon the magnitude_of the available
hydrostatic pressure., It is clear that for the hydrostatic
pressure used, little advahtage was gained, although if this
pressure could be doubled, then possibly much greater benefit
would become available. A hydrostatic pressufe of 250 bar
(2.5 x 107 Nm~2) was present although a designed pressure of
520 bar should have océurred. Large losses were presumably
occurring in the injector, since the hydrostatic pressure was
measured at the delivery end of the injector. These losses
can only be accounted for by the frictional and compressive
effects of the melt in the injector. Because only low shear
stresses could.be generated by the injector, pressure effects
on the viscosity would be dominant. The melt, therefore, would
have a very high viscosity in the injector. Any attempt to
increase the pressure available to the Christopherson tube
would be largely hindered by a further increase in viscosity,
poésibly even soiidification of the melt. For a hydrostatic

system to work effgctively, a basic piston/cylinder type of
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injector must be abandoned in favour of a screw type of
injector which would exert shear forces on the polymer melt

and so reduce its viscosity.

The hydrostatic system used here did have one notable
advahtage over the basic hydrodynamic system. Under initial
start up conditions (ie, after cleaning out the system),
hydrodynamic pressure was not developed until the wire had
pulled in sufficient polymer to reflll the cleaned out spaces..
This is shown clearly by Fig 3L4c. The use of hydrostatic
pressure before the run commenced filled these spaces and
enabled the generation of hydrodynamic pressure to begin when
drawing started. The practical effect of this was to reduce
the uncoated length of wire (ie. unlubricated) from approximately

2m to 300mm, thus reducing the die'wear at start up.

The drawing load followed the same trends as the
pressure, ie. at very low speeds the loads were high and reduced
as the speed was increased. This reinforces the arguments
laid down previously about the existence of slip in the polymer
melf. The high loads combined with the necking of the wire
are the causes of the wire breakage at low speeds. The load
did not remain constant- throughout a test. Fig 35a shows
the UV trace oﬁtained for load whilst drawing copper wire
over a fairly long period. At start up, the load rose quickly
with a sudden drop before risiné again to a peak. As time
progressed, the load gradually reduced until a stable value
was reached after about 35 seconds. This is interpreted as
the time taken for the system to reach thermal stability.
Closer inspection of the start up period reveals the hydro-

dynamic build up. Fig 35b shows the load over a short time
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span at start up. After reaching an initial peak, the load
reduced to 210 N before gradually rising to 295 N after a
period of about one second. The 210 N load is assumed to be
that required to draw the wire unlubricated with no back pull.
As hydrodynamic pressure developed, a greater back pull was
generated, which exceeded the reduction gained by reduced

die friction py an amoﬁnt shown in the figure. Oscillations

of load due to the bamboo can also be seen.

8.3 Discussion of the Analyses and the Results Obtained

from the Analyses.

Two complementary analyses have been presented which
enabled coat thickness, fluid pressure and stress in the wire
to be estimated. Various assumptions were made in order to

simplify the mathematics and are now discussed:-

a) Flow of the polymer is laminar - A reasonable assumption
since the gaps are small, velocities are low and the
viscosity 1is high.

b) Flow of the polymer is axial.- Once flow through the die
has commenced, little or no back flow is expected. This
assumption allowed one dimensional flow to be‘considered.

¢) The thickness of the polymer layer is small compared to
the dimensions of the Christopherson tube - Enabled the
analysis to be done in rectangular rather than cylindrical
coordinates. |

'd) Pressure in the polymer melt is uniform in the thickness
direction - A reasonable assumption which enabled the

pressure coefficient of viscosity to be considered
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£)

g)

h)

separately from th¢ velocity.
Deformation occurs isothermally - A major simplification
from which some errors could result, since the wire temp-
erature is known to increase when drawing is conducted.
Deformation of the wire may be assumed to take place
within an effective die shape which can be represented by:-
vy = A+ Bx 3 , o (X< xgx).
Experimental tests have shown that an effective die shape
exists which can be approximately described by the above
equatioﬂ. It is not certain whether the deformation
follows this equation in all cases, since only a limited
number of experimental tests were performed on die shape.
The results from these, however, produced good corfelation
and any error is expected to arise from the assumed
effective die length (ie. CF.L) which could vary as the
speed is changed. | | '

The polymer flow may be represented by:-

v kT = v '}where kK is polyQéfw

: dy’ shear constant (m*N2) .
This is shown to be the case from the rheological tests
on the polymer melt and is accurate within the no-slip
range orf the pél&mer used.
The pressure gradient in the undeformed region of the
Christoﬁherson tube is linear - Newtonian theory suggests

that this is so, iej;

X h
Since a non-Newtonian solution is presented, it is possible
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)

k)

that this assumption may be in error, however, some pressure
gradient needed to be assumed in order to solve the
equations, so the golutions may be regarded as a first
approximation in this respect. Experimental measurements

of pressure in the Christopherson tube were undertaken

to check this assumption and largely confirm the existence
of a linear distriﬁution, and so it is believed that any
errors from this source would be negligibly small.

The pressure coefficient of viscosity may be represented

by;
TH = Ty + ap - bp® - ¢
An equation derived from the graphical results of westover®

for polyethylene. The accuracy of the results is not

known although the equation fits the graphs closely. The

pressure coefficient of viscosity is normally represented

exponentially, but this was found to overestimate the
viscosity at high pressures. Westover's results show the
combined effects of shear stress and pressure on polyethylene
and indicate that pressure modifies the initial viscosity
of the polymer as represented by Fig 11. Unfortunately,
‘similar data was not available for Alkathene WVG 23,
therefore small efrors are possible from the Aetermination
of the constants a, b and c.

Polymer slip occurs at the wire-polymer interface only -

A reasonable assumption since the highest shear stresses
occur at the wire polymer interface.

After slip has occurred, the polymer cannot accomodate
further increases in sheaf stress, This assumption

simplifies the analysis after slip has occurred by assuming

a constant flow rate irrespective of wire speed. It is
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1ikely that further shear stress may be accomodated but
a slip ratio would be difficulf to determine. 'The |
presence of slib is Justified since the experimental
results show that the coat thickness reducéd as the speed
was increased,
1) The shear stress is zero at the polymer-tube interface -
VAn alternative theory was derived based on this assumption.
It is realised that this assumption is normally invalid,
“but solutions to the analysis aiready presentéd showed
that the velocity gradients at the polymer-~tube interface

were zero for almost all conditions considered.

8.3.1 Basic Analysis.

The analysis was considered in two parts - the flow
of the polymer in the undeformed region of the Christopherson
tube and the deformation of the wire in the tuﬁe énd die.
Considerations of the flow ofvthe polymer melt in the
tube enabled the theoretical coating thickness to be determined.
The analysis of the deformation of the wire allowed pressure

of the melt and the stress in the wire to be calculated,
The results for coat thickness showed three zones;

a) At low drawing speeds, no coat was possible

. b) At higher speeds, coat thickness increased as the speed
was increased

c) After a critical shear stress had occurred, the thickness

reduced as the speed was increased further.
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Various trends became apparent as the input parameters were

altered;

a) An increase in the initial yield strength of the wire
reduced the coat thickness. |

b) The gap between the wire and the tube had an optimum value
of 0.18mm for the geometry ' used.

¢) Increases in the Christopherson tube length above 0,6m

"yielded only very small incréases in coating thickness.

d) An increase in wire radius increased the coat thickness.

e) Increases in initial viscosity produced only very small
changes in coating thickness.

f) An increase in the pressure coefficient of viscosity
reduged the overall coat thickness by reducing the speed
at which the polymer melt reached the critical shear
stress. Reducing the value of k had similar effects.

g) Increasing the drawing reduction ratio reduced the coat

thickness as did the inclusion of strain rate sensitivity.

The observations and results outlined above are
important in many ways. The decreased coat thickness due to
increased yield stress was expected as was the decrease dﬁe
to increased wire feduction. The other results, however, were
not fully expected. The existence of an optimum gap is
interesting. For small gaps, only low polymer flow rates can
exist even though shear stresses mey be high. The coaﬁ thick-
ness is therefore low, For large ga?s, back flow could occur
which would reduce pressure and therefore reduce the coat
thickness., An coptimum gap occurs when a bélance is struck

between these two effects, and is shown clearly by the analysis.
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Increases in the length of the Christopherson tube above 0.6m
for the given conditions appear to be ﬁnjustified. Indeed,
abéve'a length of about 0.35m, the increase in coat thickness

is only marginal. A combination of the effects of the variation
in the gap and the length of the Christopherson tube on the
results shows that an optimum length/gap ratio would be

1944 :1 and in this case would produce a maximum coat thickness

of 0.43 x 10™* m at 2.5 ms™?,

Perhaps the most interésting results areithose
obtained by changing the initial viscesity and the pressure
and shear coefficients of viscosity. It had been assumed
that an increase in viséosity should increase the coating
‘thickness. (This project was initiated with this assumption
in mind). ‘The theoretical results seem to contradict this
assumption. An increase in the initial viscosity reduced the
critical speed of the polymer melt whilst the coét thickness
there remainedvconstant. The pressure coefficient had a
similar effect., A reduction in the shear coefficient of
viscosity (ie, the fluid being more Newtonian) did increase
the maximum coat thickness, but since it also reduced the
speed at which the critical stress was reached,'the overall
coat thickness reduced. Evidently the interaction between the
varidus equations in the analysis predicted a constant flow
raté as viscosity was changed. Why this should be so is
difficult to see from fhe analysis. However, a Newtonian
solution gives similar results and the equations are more
.easily analysed. It is easily seen that U.n 1s a constant
in the equation for determining the value of T (see Appendix IT
equation A2.7), hence any change in R simpiy changes the
speed at which T, becomes critical. Since the coat thickness

equation contains terms of U.y . throughout (equation Ar2.8),
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any change in v will be ineffective, giving a constant coat

thickness at the critical speed as shown by the resultse.

The theoretical results for the pressure distributions
show.that'the pressure in the deformation zone is very much
greater than that in the undeformed region, when the effects
of strain hardening and strain rate sensitivity are considered.
The distribution assuming a donstant yield stress shows a
reduction in pressure as the wire is deformed towards the die.
Because of the assumed linear pressure distribution in the

.Christopherson tube, a sudden change in pressure becomes
evident when deformation commences., An increase in drawing
speed theoretically decreases the pressure in the tube.

The inclusion of strain rate sensitivity is found to increase
the pressure and is more promineﬁt at higher.drawing speeds.
The theoretically derived results for the stress in the wire
show that the stress increases linearly in the tube until
deformation commences, at which point the stress increases

more fapidly until the die is reached. The linear part of the
curve was due solely to the viscous drag of the polymer melt

on the wire, Since, in that'portion of the tube, the pressure
is linear and the wire is undéformed, a linear stress
distribution is expected. After deformation commences, however,
the pressure distribution is no longer expected to be linear,
since the shear component no longer acts axially. An increase
in drawing speed increases the stress. The effect of including
strain rate sensitivity is to increase the stress and has a
'slightly greater effect at higher speeds. The assumption of

a constant wire yield stress produces lower stress values.
Since the wire material was assumed to obey either Tresca or
von Mises yield criterion, ie. Y = p + dX an increase in d

X

gave a reduction in the pressure required to cause flow. This
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is why the pressure distribution for a material of constant
yigld stress reduced as the.wire approached the die. For
strain hardening and strain rate sensitive materials the
value of Y is modified as deformation occurs and therefore

(p + dk) is no longer constant, giving the curves as shown

(Figs 49 and 50).

8.3.2 Alternative Theory.

The analysis presented earlier needed the length of
the deformation zone of the effective die profile given by

the equation; L
y=A+Bx3 ) (x,¢%X<4%,)

to be known beforehand. Some results were obtained by
suddenly stoppiné the drawing process and carefully measuring
the profile of the wire which remained inside the Christopherson
tube. This procedure gave results as shown in Fig 33. A
deformed length of uQmm is shown. Unfortunately, the equipment
needed resetting after each test. This involved allowing the
equipment to cool, dismgntling and éleaning out the die and
Christopherson tube, feassembling the equipment and setting

up as -described in Chapter 3. Only one test could be done

each day and, consequently, only a limited number of tests

were conducted. It was thought that the length would vary

~as the speed was altered and even though the results were
inconclusive, in order to determine whether this was so, an

alternative theory was proposed.
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In the existing theory, 1. was found by considering
the deformation pressure. Determination of the deformed
length required the solution of T independant of ﬁhe pressure.
The boundary condition; y = h, T = O was proposed.
Ordinarily this boundary condition would not be valid but
solutions of the existing non-Newtonian theory showed that it
was valid for all»of the polymers investigated under all
conditions other than for very small gaps. The use of this
bouhdary condition enabled a greatly simplified analysis to
be-prgduced which did not require the deformation pressure to
be included in order to determine T . This meant that
equation (20) could then be used to determine the deformed

length necessary to satisfy Tresca or von Mises yield criteria.

Figs 52a and 52 b show the theoretical length of the
Christopherson tube with changing drawing speed. The length
reduced as the speed was increased until slip was reached,
when the length remained constant. A greater wire reduction
required a 1onger»tube as did a wire of a higher initial yield
stress. The results suggest that no éoat would be possible
for 18/8 stainless steel (Yo = 3.4 x10® Nm~2) since the
Christopherson tube was not long enough,'and that a minimum
length of 110mm would be required, although this was not

substantiated by experiment.

Solutions for coat thickness and pressure and stress
distributions were also determined for comparison with the
existing analysis. The results for coat thickness are different
in that a two stage curve is evident rather than the three
stage one as predicted from the main analysis. For this

modified theory, the coat thickness remains essentially constant
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during the no-slip region and follows the previous theory
when slip occurs. The previous theory showed an increase in
coét thickness for. increasing speed during the no-slip range.
The reason for the difference may be that since the modified
theory allowed the Christopherson tube length to vary, a
constant pressure at the commencement of deformation occurred,
éivigg essentially constant viscosity (since pressure effects
were dominant over shear effects) and therefore constant fiow
rate.‘ Changing the different parameters have similar effects
to the previous theory although changing the gap produces a
general increase in coat thickness, whereas in the existing

- theory, further increases in gap above that used in practice
caused a decrease in coat thickness. The reason for this
.apparent difference lies in the fact that the Christopherson
tube length changes as the speed is changed. An optimum gap
to length ratio is maintained as the gap is altered. For
large gaps, however, the length of the tube required exceeds‘
that used in practice and therefore the actual coat thickness

reduces as the gap is increased further,

The pressure and stress distributions are changed
because of the variable deformation length. Thése changes
cause the pressure to increase as speed increases, whereas
the existing theory showed a decrease in pressure for
incfeasing speed., It was noted that when the deformation
length in the modified theory is the same as in the previous

theory, the pressure and stress distributions are identical.
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8.h Comparison between Theory and Experiment.

In the previous two sections the experimental and
theoretical results were discussed and in some cases discrep-
ancies were apparent. In this section possible causes of these

discrepancies will be discussed.

Fig 61 shows typical results obtained for coat
thickness from experiment and compares them with the results
dbtaited from the various theories under the same conditions.
It is clear that at low speeds (below 2 ms™!) all of the
theories underestimate the thickness by large amounts. There

are three possible explanations for these discrepancies.

a) Errors, The error analysis presented earlier shows that
very large errors are probable due to the small size of
the gap and the inability to determine accurate values of

viscosity and shear stress.

b) The effect of bamboo. The theories do not take into

account the increase in coat thickness caused by the
presence of bamboo. The minimum diameter of the necked
wire-was much smaller than the die size., Reference to
Fig 27 shows that the polymer coat was thickest where the
wire diameter was smallest. A pulse ejection of polymer
obviously occurred whilst the wire was being drawn, and
it is clear that the average thickness in this case would

be greater than if the wire had been smooth,

c)vDetermination of constants. Sixteen variables were required
as input data before the analysis could be solved by

computer., Of the sixteen variables, eleven were constants
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derived from either experiment or from available data. These

were:-— M, kX, Taya, b, ¢, Yo, XK, n, N, T

It is believed that ¢, k, N, and T were reasonably accurate
but the aécuracy of the other constants could not be ascertained.
The critical shear stress (t3) was assumed to be 1 x 10° Nm—2,
since evidence from Reference 17 suggested that slip occurred
with shear stresses of that order. Its precise value for

the polymerbused is not known since the equipment used to
evaluate the rheological data of the polymer was unsuitable
for feaching such high shear stresses. The experimental coat
thickness curves seem to suggest that 13 was lower than that
assumed, but reference fo Fig 4O shows that a lower value would
‘not increase the theoretical coat thickness sufficiently to
reach those of the experimental curves. It is thought that
errors could have arisen frdm the pressure coefficients of
viscosity (a, b,'c) as previously discussed. The value of "a"
was altered in the program and the results obtained are shown
in Fig 43a. Again it is clear that a change in this parameter
would not .account for all oﬁ the error present at low speeds.
Thé determination of the yield characteristics of the copper
wire (Yo, X, n) presented some difficulty because of
inconsistency and'the final results were obtained by averaging
results from a number bf tests. A chénge in the initial
yieid stress in the computed results (Fig 37) shows that the
coat thickness is relatively sensitive to this parameter and

errors could have occurred here,

The alternative theory appeared to give more realistic
results than the main theory in that no build up of thickness

to a maximum was shown. Figs 62 and 63 show graphs of pressure
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distribution for both theories and experiment for copper wire
using reductions of 30% and 5% respectively. The pressure

in the undeformed region of the Christopherson tube was.
‘underestimated at low speed and overestimated at high speed.
.The aiternative theory gave much lower pfessures in the
undeformed region than either experiment or the main theory,
but reference to parts (b) of the above figures show that the
experimental results lie between the two theories, especially

for a 5% reduction (Fig 63b).

8.5 Recommendations for Future Work.

It has been shown that a polymer coat could be applied
successfully to the wire during drawing, demonstrating that a
hydrodynamic film was present. However, several practical

restrictions were noted:-

a) The'adhesion of the polymer to the wire was not very good.

b) Wire fracture could occur at low drawing speeds.

c) A '"bamboo" defect existed at low drawing speeds.

d) fhe addition of a pressurised feed (hydrostatic) was
partiaily successful.,

e) The coat thickness reduced as the drawing speed was increased.

The analysis attempted to take into account as many
factors as possible, but further work on this topic may be

usefully conducted in the following areas:-

8.5.1 Experimentally Some method of obtaining a better bond
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between the polymer and the wire would be beneficial. This
could be achieved by careful selection of polymer and possible
pre-drawing treatment of the wire. It must be noted, however,
that the system was very sensitive to changes in polymer type
and that any further research in this area may require

modifications to the Christopherson tube geometry.

The cause of the bamboo on the polymer coat reguires
further investigation. It may bg possible to ekaminé the
bamboo directly by manufacturing a Christopherson tube from
reinforced glass or quartz and by using high speed‘photographic
techniques, the factoréfcausingthe bamboo may be seen.

Although this area appears to be of rather academic interest,
any advances here would be useful by increasing the knowledge

of polymer technology and the Wiré.drawing process, since

bamboo is a problem common to both.

Further work to determine the deformed length of thé
wire in the Christopherson tube as the’Speed is changed is
necessary. This would be easily accomplished and wpuld verify,
- or otherwise, the validity of the alternative theory presented
in this work. The process itself could benefit from the
ipcorporation of a_pressurised polymer feed using a screw
"injector. This modification would require only small changes

to the existing experimental apparatus.

8.5.2 Theoretically An adiabatic analysis would be useful

for comparison with the isothermal one presented here. This
would require the effects of temperature variation on the

polymer to be included into the analysis.

The addition of the effect of bamboo on coat thickness
should improve the accuracy of the theoretical results.
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FIG 62a COMPARISON BETWEEN THEORY AND EXPERIMENT
FOR  PRESSURE DISTRIBUTIONS~ 30% REDUCTION
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EIG 63a COMPARISON BETWEEN THEORY AND EXPERIMENT

FOR_PRESSURE DISTRIBUTIONS ~ 5% REDUCTION
, (COPPER, 150°C)
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CHAPTER 9. CONCLUSIONS,

This work has presented many aspects of wire dfawing
when using a polymer melt as the lubricant. Certain limit-
ations and disadvantages in the process became. apparent dufing
the tests, nétably the bamboo defect and the lack of coat at
start up. The experimental work has shown the extent of the
" bamboo such that it méy be successfully avoided. The lack of
coat at start up is the major drawback to full scale production
Since this could pfoduce excessive die wear and even wire
" fracture. Attempts were made to improve start up by externally
pressurising the polymer melt and feeding it into the Christ-
opherson tube priof to drawihg. This Was partially successful
and modifications to the equipment used in this work should

give improved results.

The theoretical solutions tended to underestimate
the recorded values, especially at low drawing speeds. It
is probable that this was because of the bamboo effect which

was not accounted for in the analysis.

It must bé noted that in nearly all cases a coat
Vwas applied to the wire (albeit with varying degrees of
adhésion) and in this respect'the process 1is successful, but
it is felt that further development is.required before it

could be used to advantage in full scale production.
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APPENDIX I.

- Development and Listing of the Computer Programs.

Three independant programs were written which were
able td solve .the various equations simultaﬁeously. Program 1
was developed to give a graphical display of coating thickness
against wire speed. Program.2 used the equations developed
for program 1 to determine T, which could then be used to
solve for wire stress and fluid pressure in the deformation
zone, Program 3 used the alternative theory to calculate the
iength of the deformation zone and used this to predict the

pressure and stress distributions in the same way as program 2.
I.,1 Development of Program 1.
The equations to be solved are summarised:-

' O = Ci Tcs + Cj_ TCQ + C3TC + C4 + U ee e o (2}4)
Cs T2 + CsTc + C7

where; C: = kh(1-6h+16h2-16h%)
’ - Dq4 DI DY

C2 = kh®Yo(12h®-8nh +3)
Lo pf D, 2

Cz = h(1-2h~3kh*Yo0?%+kh3Yo0?)
. Di Dj_ L2 LQ

: CT CT
Cs = h®Yo + kh*Yo®
3
2Lop  Llgp
— - 2
Cs - '1612)1;0,1‘
D1

Co = 8bLo Yo - hal.,
55—CT D, CT

1

17L



C;, = TMa + Yo(a-bYo) - ¢

LCT = (1-Cp)L
p, = X_Q -LI-.EC ., ecooe (20)
L Dy

= Cs T(2 + CSTC + C7 eees e (23)

p'1n3 o+ weh? + k(p/3nS+p/2h* T +p/hd T2+ TPh?) + Uh .... (1)

Q =
65,  2a, mo@ L > %
Q = p’h® + Tah? + k(p’ °h%+p’2n* 1ty +p’h® 1%+ w°h?) + Ugh .... (26)
o, 27, M, 20 4 2 2 .
hd= ,Q: eco e (25)
Ugq

The cubic equation in T, (equation 24) was arranged
tb be solved by iteration using a starting value for T, and
terminating when the left hand side of the equation approached
a defined limit close to zero. Having solved for T, for a
a particular wire speed the remaining equations were solved
and the values stored in an array. The computations were
fhen repeated for all values of wire speed between 0.1 and

2.5 ms—* at intervals of 0.1 ms—t.

Advénced graphing facilities were used to presenf
the stored data in graphical form on a Tektronix graphics
terminal, This was particularly useful since changes in the
input parameters could be casily achieved andvthe cerresponding

variations in coat thickness could be easily identified.

The flowchart for program 1 is shown in Fig A1 and

the program listing is shoﬁn in Fig A2,
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I.2 Development of Program 2.

Program 2 used the same equations as program 1 but

also included the stress and pressure equations:-

. ; B (Di-a) 3 D=2(a+ B(x)%)

>
C.. L3
F.

6 = 2YoS.1n(Ds) + 2kS(1nDs ™71 4+ 61 ((DE-D2) +
X D n+1 B* 8

+ A(D-Dy) + A2.1n(D1)) + LT L p ceees (7)
4 : D D;

<
n

s(Yo + K(1nDs)™)
)

o L

where = UDZ(

wn
i}

1+ (L€ )
Nm

=
Pl
v
=] B
NS
oj—~
PR

Having solved for 1. as before the values of ¢  and
p were computed for values 6f"x between O and x = CF'L’
Each change in wire drawing speed.required a set of dk and p
- to be calculated and stored. The results were printed in

tabular form on a standard terminal.

A flowchart for program 2 is shown in Fig A3 and
the program listing is shown as Fig AL, A typical set of

printed results is shown as Fig A5.

176



I.3 Development of Program 3.

Program 3 was used to solve the equations from the
alternative theory in order to calculate the length of the

deformation zone. The equations to be solved are:-

0=U=- ph?(1 + kp’3n?)
P P)

ceees (32)
(my + aLCTp' - bLéTp’2 - c) '
LCT = YD:L eso e (33)
Q: Uh—p_’_}l_s -kg’shs ' | oo 00 (31)
M 51,
hy = & eesee (25) 53 ¢ ==p’h 3 B = (Di-A)
Ud —4;—"—16

(CF.L)

D = 2(a+B(x) %)

S, = 2YoS(1nDs) + 2KS (1nmDy )™ 4 63 ((D2-D?) +
D (n+t1) D B® 8

+ A(D-D1) + A%2.In(D1)) + LT L
| | . D Do CT

p=Y-d where Y = 8(Yo + K(1nDs)®)
D
Y .
s =1+ (&) where €, = _UWE(1 - 1)
Cp-L D3 DI



The cubic equation in p’ (equation 32) was solved by
iteration for a specific speed assuming a starting value for

both p’ and L Computations terminated when the left hand

CT*
side of the equation reached a specified value close to zero.
Equation 33 was then solved using the calculated value of p’
po cgmpute a new value for LCT’ Initial and new values of LCT
were then subtracted and the resulting error compared with a
specified maximum error. If the error was greater than that
speéified, equation (32) was solved again using the newly
‘calculated starting values. If the error was less than that

specified, the values of p' and L were stored and used to

CcT _
calculate the remaining parameters in the same way as program 2.

A change in speed changed the values of p’ and - Lype

The flow chart for program 3 is shown in Fig A6 and
the program listing is shown as Fig A7. A typical set of

printed results is shown as Fig AS8.
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APPENDIX II

Newtonian Solution.

For comparison purposes, a Newtonian theory was

derived assuming constant viscosity with respect to both

shear stress and pressure. The analysis is given below.

Equilibrium of the melt in the

9p = 29T
ox oy’
Integrating;
T o= Y+ T
where p’
T
 Also T = 79v¢
_ oy’
' Hence;
v = p’y + Tc
oy’ M L
" Integrating:-
) 12 4
V=py + Ty + ¢
2 1
Boundary conditions; at y'=
4
y:

1

tube gives:-

9p
ox

ceeee (A2,1)

shear stress at y'= 0

(.A2.2)

eees (a)
cese (D)



Using boundary condition.(a), gives ¢ =710

Therefore;

v=py + Ty +U (42.3)

h
Flow rate Q = f v day’ therefore;

Q '-=::D,h3 + Tc h® + Uh ' v eecov (AQ.M)
67 2 '

Applying boundary condition (b) to equation (A2,3) gives:-

0O = 'D,hQ + Tch + U I- .' ) eeceoe (A2-5)
27 Ll

Yield criteria give:-

p' = X_ - 2 | ses e (A2.6)
L -

Therefore:-

0=h*(Y-2%) +Th+T

2q L r |
Hence:~
= - (h® U
T (B2 + Uy ) , veeeo (42.7)
h(1 - n)
P.

Substitution for T, and p’ into equation (A2.4) gives:-

Q= (¥ ~-2%) - n?3(h3Y + U Un

ML v 2T](2L i ) ’
h(1.h)
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Which leads to :-

hg(D2)® = K%Y + h + h(h®Y + 2101 )(h - ) ceees (A2,8)
Dy 67 UL 21 UL(r = h) 3 2 _ ‘

Velocity profiles were required for comparison with the non-
Newtonian theory presented in the main text. Solutions of

.equations A2,6, A2:7 and A2.3 gave the following results:-

v (mm)  U=0.1 ms~! U=1 ms~?

o 0.1 '> 1

0.02 L.9 x 1072 8.2 x 10~
0.04 8.57x 1073 6.6 x 10°1
0.06 -2.,2 x 1072 5.2 x 1071
0.08 .3 x 1072 3.9 x 107t
0.1 -5.4 x 1072 2.8 x 1071
0.12 ~5.5 x 1072 1.9 x 10~
0.14 4.7 x 1072 1.1 x 10™%
0.16 -2,8 x 1072 L.6 x 10°*
0.18 0 0

T -1.946 x 1¢5 -6.446 x 10°
o’ 1.731 x 10° 2.842 x 10°

Coat thicknesses were also calculated as shown in the table

below.
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u Ua Q. Mg T

ms~?t _ ms~* m°>s~?t m Nm—2

0.1 0.14 -ve -ve -1.9464 x 10°
0.2 0.28 -ve -ve -2.h x 10°
0.3 0.42 2.11 x 10~° [5.05x10-°

0.4 0.56 1.03 x 10-5 |1.84x10"8

0.5 0.7 1.8 v |2.63 v

0.6 | 0.84 2.65 " 3.16 "

0.7 0,98 3.7 " |3.54 "

0.8 1.12 | L.28 " 3.83 "

0;9 1,26 5.09 " 4,05 "

1.0 ' 1.4 5.9 " |4.23 " |-6.447 x 10°
161 1.54h 6.73 " L.38 "

1.2 1,68 [ 7.54 " (L9t

{.3 1.82 8.35 " L6 "

1.4 1,96 - [ 9.17 " .69 . "

1.5 2.1 9.98 " |4.76

1.6 2.24 1,08 x 10™* (4,83

1.7 2.38 1.16 " 4.88 " [-9,946 x 10°"
148 2.52 |1.24, " u.éu voo|—1.0uy x 10°
1.9 2,66 |t1.24 " |y.66 "

2.0 2.8 1.24 " h.u3 " ™

The coat thickness (hd) versus drawing speed (Ud) were drawn

- in Fig 61 for comparison with the non-Newtonian theories.
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APPENDIX ITT.

- The following appendix contains a catalogue of the

most important results in tabular form:-

Copper, 30% reduction, 135°C, WVG 23

" 5% " 150°% "
" oz0% v
. 30% " 180% "

18/8 Stainless steel, 5% reduction, 150°C, Wva 23

1" 1", 1 1 5% 1" 1" 1"

" [{] . " 30% " ‘ " "

60/65 carbon steel, 30% reduction, 135°C, WVG 23
" 1" !l 1" . 1 1 5OOG 1t
T " 1 " no 4 8000 "

Copper, 30% reduction, 250°C, Polyproleene
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Material - Copper, 30% reduction, 135°Cc, WG 23

Séeed Thickness |Load . |Adhesion | Coat |Bamboo Pressure (Nm—z)
(ms™") (mm) (V) | 1 2 3
0.389 0.073 - good fair | yes
0.LL5 0.074 - good fair yes
0.58. 0.066 - good fair yes
0.58 0.071 - good poor yes )
0.47 0.074 - good poor yes
0.38 0.076 - excelt.| good yes
0.635 | 0.065 - poor | good | just
0.84 0.075 230 fair good yes
0.93 0.070 230 fair good yes
1.05 0.069 230 fair good yes
1.24 0.057 230 fair good | just
1.1 0.061 230 poor good yes
1.62 0.047 230 poor good | yes
1.79 0.046 240 poor poor | just
2,00 0.042 230 poor fair just
2,27 0.037 230 - poor fair just
2,66 0.037 230 poor fair no
3.02 0.034 230 poor p/f no
2.85 0.041 230 poor | poor | no
2.47 0.041 230 poor fair | neo
2,06 0.044, 225 poor good yes
1.76 - 0.039 225 poor poor | yes
1.02 0.066 - poor poor just
0.95 . 0.051 - fair poor just
0.8, | 0,068 - good poor just
0,76 0.072 - good poor yes
0.6L 0.065 - poor  good just
0.25 - - ~- wire snapped --
0.37 0.079 - goed good yes
10.41 0.082 - fair \ good } yes

201



Material - Copper, 5% reduction, 150°C, WVG 23

Speed |Thickness| Load Adhesion | Coat Bamboo Pressure (Nm—z)
sy | (rm) (N) 1 2 3
0.30 0.096 221 fair v.good |yes

0.25 0.094 221 /g v.good | partly

0.26 0.098 210 . fair v.good |slight

0.33 0.093 200 fair good yes

0.43 0.087 195 £/p good |yes

0.47 0.084 195 | poor | f/g just

0.40 0.088 190 fair good partly

0.25 0.098 - fair v.good |yes

0.26 0.093 - fair v.good |yes

0.30 0.095 - fair v.good |yes

0.33 0.097 - fair v.good |yes

0.36 0,090 - fair v.good |yes

0.40 - 0,090 - fair good partly

0.45 0.074 - fair good, partly

0.47 0.066 - fair good partly

0.54 0.086 - fair good partly

0.6l 0.087 - fair good |no

0.72 0.070 - fair | good |no

0.76 0.033 - fair good- |no

0.82 0.040 - - fair good no

0.6l 0.084 174 fair good no

0.57 | 0.090 | 200 £/p g/t | just

0.50 0.092 200 t/p good | just

0.81 0.080 200 poor fair no

0.89 0.076 200 - poor fair no

0.98 0.071 190 f/p fair no

1.08 0.064, 190 poor f/g no

1.03 0.06L 200 f/p good no

1,17 0.061 190 | £/p good  |no

0.96 0,068 242 poor good no 170 470 775
1.09 0.052 266 " poor v.good |no 195 540 850
1.34 0,042 260 poor v.good |no 200 550 850

Continued on the next page.
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Copper, 5% continued.

1.62 0.032 - poor v.good| no - - -
1.88 0.034 266 poor good no 205 520 875
2.11 0.031 260 poor good | no 203 510 875
2,37 0.028 260 £/p good | no 190 525 825
2.59 0.021 260 poor good | o - - - -
3.00 0,026 | 277 poor | good | no 210 570 875
0.13 0.110 311 fair v.good| yes L5 190 650
0.18 0.107 289 v.good | v.good| yes 65 265 700
0.19 0,108 228 fair good | just | 65 275 750
0.21 0.104 215 | fair good just | 70 270 800
0.23 0.104 245 fair good | yes L5 260 725
0.13 0.111 290 fair good | yes 60 260 725
0.35 0.095 290 fair good | yes 60 250 625
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Material - Copper, 15% reduction, 1SO°C,

WVG 23

Speed |Thickness Load. Adhesion | Coat |Bamboo Pressure (Nm-z)
(ms_1) (yom) (N) 1 2 3
0.79 0.066 309 fair good just - L50 800
1,11 | 0,043 310 poor fair | no 115 320 725
1.2, | 0.039 | 305 fair | v.good| no 125 325 650
1.4 0.034 - pcor good no - - -
1.68 0,035 309 poor = | good | no 195 375 850
1.89 0.029 309 poor good no 200 130 875
2.19 0.029 309 poor /g no 205 590 00
1.75 0.035 305 fair good | no 205 565 900
1.51 0,039 305 fair good no 203 555 875
1.43 0.039 | 309 fair | good | no 200 5,0 875
0.94 0.05L 305 fair good no 170 390 775
0.65 - 317 - - - 18 410 675
0.78 - 285 - - - 159 L95 700
0.27 - 297 - - yes | 45 179 450
0.91 - 273 - - no 164, 505 700
1.04 - 269 - - - 184 579 800
0.79 - 277 - - - 154 505 750
0.65 0.077 231 fair good yes ’
0.27 0.088 265 fair good yes
0.29 0.038 265 poor good yes
0.34 0.084 265 poor fair yes
0.37 0.085 26}, fair good | yes
0.42 0.086 271, fair good yes
0.48 0.083 271 poor good | yes
0.53 0.032 261, poor good yes
0.59 0.079 253 p/f good yes
0.6l 0.074 253 fair good yes
0.70 0.070 253 poor good | yes

10,78 0.074 26, poor good yes
1.17 0.057 221 poor poor no
1.86 ' 0.029 221 £/p f/g no
2,32 0.029 - £/p good " | no
2,68 0.022 - £/p good no
3.10 0.020 - poor fair no
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Material - Copper, 30% redudtion, 150°C, WVG 23.

Speed |Thickness | Load | Adhesion | Coat |Bamboo Pressure (Nm <)
ms™) | m | @ 1 2 3

1.02 0.045 - fair good just

0.98 - | 0.046 - poor good just -

0.92 0.052 - poor fair just

0.87 0.054 - poor good just

0.84 0.056 - poor good ves

0.78 0.056 - fair good yes

0.74 0.057 - fair | good yes

0.69 0.056 - poor good yes

0.51 0.06/, - fair .good yes

0.48 0.061 - fair good yes

0.45 0.083 - " poor good yes

0.13 0.081 267 fair good | yes 90 290 800
0.13 0.07, | 262 fair good | yes g2 . 290 810
0.18 0.081 323 f/g good | yes 85 320 850
0.205 0.086 347 good good yes 82 300 800
0.27 0.082 345 - good good yes 85 320 675
0.33 0.082 356 good good | yes 85 300 650
0.13 0.08 295, good . good yes 75 280 700
0.37 0.082 356 fair good | yes

0.26 0,069 - fair = | good | yes

0.24 0.095 278 fair good | yes 55 260 700
0.28 0.090 289 good good yes 85 300 750
0.32 0,089 323 good good | yes 95 320 800
0.25 0.090 300 fair good | yes 100 330 775
0.76 . 0.077 232 fair good yes

0.89 0.072 230 fair good yes

0.98 0.069 228 - fair good yes

1.15 0,062 225 fair good just

134 0.061 242 fair fair just

1.51 0.057 230 fair fair | just

1.73 0.043 220 fair fair | just

1.90 0.047 230 £/p fair just

2.14 0.040 228 £/p fair partly

2,36 0.040 228 £/p fair | partly

Continued on the next page
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30%¢ continued

Copper,

2.52 0.037 | 228 poor fair partly

2.72 0.029 221 poor poor no

2.93 0.029 221 poor fair no

2,78 0.028 221 - v.poor | fair no

0.19 0.091 289 good good | yes 80 300 770
0.1k . - 178 -- no coat _— 90 300 375
0.17 0,038 178 v.good , good . yes 105 300 L00
0.20 - 178 --. no coat - 125 380 175
0.23 0,025 207 v.good , fair | yes 14,5 L0 600
0.23 | 0,022 225 v.good | v.good]| yes 160 LLO 550
0.27 0.047 225 excell.| v.good| yes 140 LLO 625
0.1, - 178 -- no coat - 100 - 320 350
0.13 - - -- wire snapped --

0.54 - 369 - -, - 80 260 550
0.48 - 369 - - - 70 300 700
0.68 - 361 - - - 103 340 - 700
0.75 - 369 - - - 100 320 © 650
0.83 - 369 - - - 108 320 650
0.99 - 360 - - - 130 280 780
1.22 - 369 - - - 165  LL5 730
1.48 - 369 - - - 165 520 650
2,67 - 370 - - - 190 450 800
1,90 - 370 - - - 205 550 875
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Material - Copper,

30¢ reduction, 180°C, WVG 23

Pressure (Nm—z)

‘| Speed |Thickness | Load Adhesion| Coat |Bamboo
ms™) | Gm) | (0 2 3
1.02 0.049 - poor good | just
0.95 | 0.054 - poor A good just
0.90 0,052 - poor | good | just
0.85 0.052 - poor good just
0.77 0.055 - poor fair just
0.72 0.053 - ‘fair good yes
0.65 0.059‘ - fair good yés
0.61 0.062 - fair good | yes
0.55 0.065 - fair good yes
0.51 0.069 - poor good yes
0..48 0.066 - ‘fair good | yes
0.45 0.070 - fair | good | yes
0.42 0.067 - fair good yes
0.39 0.064 - fair good | yes
0.36 0,064 - fair good | yes
0.33 0.069 - fair good yes
0.30 0.067 - fair good yes
0.22 0.07 - fair good | yes
0.23 0.068 - fair | good | just
0.76 0.063 | 221 fair | good | just
0.86 0.057 221 fair good just
0.87 0.055 219 fair good | just
1,02 0.051 217 fair good just
1.15 0.048 219 fair good partly
1.31 0.047 221 f/p good partly
1.43 0.043 196 f/p good no
1.60 0.038 196 fair good no
1.72 0,037 193 poor good no
1,95 0.033 198 poor good no
2.18 0.032 198 poor good no
2.40 0.030 198 poor good no
2,66 0.029 198 poor good no
2;82 0.027 198 poor. fair no
3.00 0.022 219 " poor fair no
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Mnaverial - 16/ 0 wLdllllCoo sDeeJ.’ 2/° I"CUUCLioll, IV \/, » WV & )

Speed |Thickness | Load Adhesion | Coat | Bamboo Pressure (Nm—z)

ws™) | ) | (W) ! 2 3

0.37 0.094 389 fair good yes

0.43 0.073 368 £/p .good | yes

0.50 - 0.079 368 /o f/g yes

0.55 0.062 | 358 £/p good | yes

0.68" 0.049 337 poor £/g just

0.73- 0.044 347 poor fair yes

0.82 0.057 337 poor fair | yes

0.96 0.054 337 fair /g partly

0.97 0.047 316 fair fair just

1.0, 0.024 316 poor poor no

1.10 0.039 316 poor poor no

1.17 0.047 316 poor fair partly

0.25 0.103 121 f/p f/g yes

1.13 0.029 - poor good no 180 510 875

0.80 0.033 | 332 poor | good | partly 150 410 700

1.04 0.027 332 poor good partly | 155 LLO 850

1.05 0.038 332 poor good yes 155 44,0 850

1.43 0.023 | 332 poor | fair | no 200 5,0 900

1.76 0.020 350 poor fair no 200 520 900

2.11 0.021 | 335 poor | fair | no 185 500 875

2.57 0,018 332 poor fair no 185 500 850

2,92 0.017 | 332 poor | fair | no  |175 480 800

0.93 0.036 332 poor fair partly | 135 420 730

0.19 0.100 512 poor fair yes 70 370 -

0.155 | 0.111 400 fair £/g yes 55 270 -

0.13 0.114 190 poor f/p yes - - -

0.29 0.100 LLS poor fair yes 60 270 625

0.22 0.121 .| LA5 poor £/p yes L0 190 . 825

0.45 0.097 | 440 poor | £/p yes - - -

0.13 0.118 LL5 poor v.p yes 75 300 1275
1 0.16 0.112 L67 poor poor yes 65 320 1150

0.177 0.116 478 fair fair yes 55 500 -

0.27 0.096 400 fair fair yes 65 230 600

0.33 0.093 LLO fair g/f yes €0 260 600

0.52 0.064 400 fair poor partly | 135 390 1100

0.62 - 365 | poor | poor | partly|155 380 1075
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‘Material - 18/8 Stainless steel, 15% reduction, >1SO°C, WVG 23.

Speed |Thickness| Load Adhesion | Coat |Bamboo Pressure (Nmaz)
ms™) | m) | () ! 2.0

0.42 1 0.068 | 474 v.p fair | yes

0.50 -~ 0.068 453 v;p fair yes

0.56 0,061 452 v.p p/f partly

0.62 0.065 432 vV.p p/f partly

0.72 0,038 121 v.p p/f no

0.76 0.04 421 v.p p/f partly

0.84 0.052 L11 v.p fair partly

0.92 0.038 400 vV.p p/f partly

1.03 0.035 389 v.p p/f partly

1.17 0.025 369 v.p fair no

0.25 0.079 500 * poor fair yes

0.14 0.076 623 fair £/g | yes' |105 L0 1075
0.17 0.072 601 poor /g . yes 85 300 1025
0.21 0,081 579 poor good yes 70 270 850

0.27 0.076 490 poor fair yes 70 260 850

0.33 0.061 [ 500 v.p o/t yes 105 290 775

0.35 0.065 556 poor e/t yes 60 170 575

0.13 0.097 6L5 fair good yes 90 340 1125
0.87 0.028 - fair good no |

1.09 0.026 - poor g/f no

1.34 0.026 - poor | fair no

1.66 0,021 - poor fair no

2.1 0.018 - poor fair no

2,49 0.021 - poor fair no

2.8 0,019 - poor fair no

0.86 | 0.036 | - fair fair no
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Meterial - 18/8 Stainless steel, 30¥ reduction, 150°C, WVG 23

Speed [Thickness | Load . Adhesibn Coat |Bamboo Pressure (Nm-z)

ms™hy | ) | (W) 1 2 3

0.37 0.062 | 611 fair g/t | yes

0.41 0.066 600 good | good yes

0.47 0.063 611 good good yes '’

0.55' 0.056 600 fair good yes

0.62 0.05l 600 fair good | yes

0.7k 0.048 | s5i8 fair | fair | yes

0.81 -| 0.036 558 fair fair yes

0.89 0.038 548 fair fair yes

0.97 0.040 548 fair fair yes

1.06 0.030 537 £/p f/p yes

1.12 0.029 527 fair fair Just

1.17 0.043 527 fair good yes

0.25 0.070 579 fair good yes

0.77 0.019 615 fair f/p partly (130 380 700

0.87 0.035 615 f/p fair | yes 145 1420 600

1.30 0.016 615 fair poor no  |135 390 -

1.61 0.022 - fair f/g partly |180 LSO 850

1.89 0.02 615 fair fair partly (180 380 750

2.07 0.015 600 fair f/p just 175 330 675

2.49 - 0,016 615 fair fair no 190 400 850

2.45 0.015 615 fair fair no 210 530 875

2.85 0.015 615 f/g fair no 195 510 875

0.79 0.03 615 fair f/g yes 160 180 750

1.13 .0.022 - fair fair partly [140 420 725

0.245 0.02 743 /p f/p | yes 33 230 825

0.22 0.023 730 fair f/p yes |50 230 1100

0.20 0.02 757 fair fair partly |65 250 1000 |

0.17 0.01 757 fair poor partly |65 250 900

0.14 - 767 - - - |90 320 1000
'] 0.21 - 712 - - - 80 250 950

0.23 - 712 - - - 70 260 850

0.13 - 780 - - - |95 © o0 1700

0.16 0.023 800 good poor yes 80 370 1600

0.14 0.068 890 poor good ves 115 680 1600

0.21 0,075 734 good fair yes 140 160 1525




Material - 60/65 carbon steel, 30% reduction  135°C, WvG 23

Speed Thickness |Load - |[Adhesion | Coat |Bamboo Pressure (anz)
™) | Gm) | (D) 1 z 3
0.79 - - -- wire snapped --
1.48 0.042 589 v.p | poor yes
2,63 0.033 632 poor poor yes
1.82 | 0.019 632 poor £/p yes
2.05 - 653 -- burst seal ---
2,06 0.029 632 poor £/p yes
1.65 .| 0.050 611 poor poor - | yes
1.50 0.035 - 632 poor poor yes
12.95 - 632 -- no vecoat -~
1.14 0.047 579 fair fair | yes
1.28 0.048 - good fair yes
1.6 0.043 - good fair yes
1.55 0.017 579 fair fair partly
2.14 0.018 579 poor | fair | partly
2.59 0.007 579 fair poor partly
2.82 0.003 579 fair fair no
2.37 0.009 568 fair poor partly
2.06 0.031 558 poor fair partly
1.75 0.011 565 fair fair partly
1.59 0,018 579 fair fair partly
1.31 0.018 600 poor fair yes
1.22 0.012 589 - fair fair partly
0.92 0.018 589 fair fair yes
1.17 0.006 610 fair fair no
1.07 0.018 | 632 fair | fair | yes
0.91 | 0,017 632 fair £/g yes
0.76 0.028 632 fair fair yes
0.84 0.042 632 fair good yes
0.74 0.034 | 684 /g good ' yes
11.12 - 663 -- no coat -~
0.99 0,021 674 fair fair  partly
0.91 0.011 663 £/p fair partly
0.88 0.013 663 f/p fair partly
0.79 0.039 681, fair fair yes
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Material - 60/65 carbon steel, 30% reduction, 150°C, WVG 23

Speed |[Thickness |Load Adhesion | Coat | Bamboo Pressure (Nm~2)
ms™) | m) | (W) E
1,66 0.012 600 V.D V.p just
0.84 . - 68, - Wire snapped —

1.31 0.039 621 fair | poor | just
1.72 - 632 -- no coat --

1.91 0.004 631 fair poor no
2.36 0.004 631 fair poor no
2.88 0.002 | 610 fair | poor | no

3.51 0.004 642 fair poor no
2.00 0.003 631 fair poor no
1.66 0.003 631 fair fair no
1.4 0.004 631 fair poor no
1.22 0.007 681, fair | poor | no
2,87 0.003 589 fair poor no

1.6 0.005 610 fair poor no
1.36 0.006 610 fair | fair no
1.22 0,009 610 fair fair partly
1.13 0.013 610 fair fair partly
1.03 0.013 | 610 fair | £/g | yes
0.92 0.015 610 fair fair partly
0.85 0.019 600 fair fair partly
0,92 0.022 632 fair fair | yes
1.00 0.008 653 fair fair no
0.8 0.008 61,2 fair f/g no
0.76 0,011 642 fair fair partly
0,66 0,044 671, fair fair | yes
1,17 0.023 671 fair fair partly
0.53 0.037 737 fair fair yes
0.26 - 758 -- Wire snapped --
0.77 0.057 | - fair , f/g | yes
0.66 0.048 681, fair good l yes
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'Material - 60/65 carbon steel, 30% reduction, 180°C, WVG 23
Speed [Thickness |Load Adhesion| Coat | Bamboo Pressure (Nm_z)
(ms™) | () | () o 2 3
2.75 0.002 568 poor | poor no
2.50 0.003 568 ~ poor poor no
2.17 0.004 568 fair poor no
1.85 0.006 | 568 poor poor | no
1.60 0.005 568 fair poor no
1.46 0.006 568 fair poor no
1.28 0.006 568 fair- poor no
1.14 0.007 579 fair fair no
1.11 0.007 579 . fair. fair no
0.99 0,008 579 fair fair no
0.85 0.012 589 fair fair just -

1.17 0.006 600 fair poor no
1.05 0.008 610 f/p - | poor no
0.96 0.009 | 620 poor | poor | no
0.88 0.007 621 fair p/f no
0.77 0.007 621 poor poor no
0.65 0.017 64,2 fair fair | yes
0.53 0.010 632 ~ fair fair | yes
0.43 - 652 -- no coat -
0.36 0.050 680 fair fair yes
0.72 0.011 653 o/f fair | just
0.83 0,010 663 fair f/g just
0.64 0.010 663 fair fair yes
0.52 - 67, ~-- no coat —-
0.46 0.037 671, £/p fair ; yes
0.46 0.022 674 . fair fair yes
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Material - Copper., 30% feduction, 250°C, Polypropylene

Speed |Thickness | Load |Adhesion |Coat |Bamboo Comments

ms™) | Gm) | (W)

0.61 0,056 358 poor v.good | no coat removed in one piece

0.81 0,013 421 fair ‘poor no flaky coat '

0,53 *| 0.010 | 316 fair | poor | no '

0.47 0.035 295 fair pbor no wire snapped

0.56 0.047 316 poor fair just

0.76 0.010 421 fair fair no wire snapped

0.69 0.042 263 poor -good no

0.86 0.029 263 poor - | fair | no

0.91 0.046 369 poor good no wire snapped

1.07 0.041 316 _poor good | yes '

0.55 - 0.059 253 poor poor rough |wire necked at 10mm
. intervals

0.91 0.008 253 poor v.poor | no

1.13 0.051 263 poor good no

0.80 0.032 316 poor | fair no

0.66 0.052 262 poor fair no

0.91 0.057 | 263 poor fair | no

1.09 - 281, - no coat -

1.17 - . 274 -~ no coat- —

0.99 - 263 — no coat —

0.47 0.069 369 fair fair yes wire snapped

0.44 0.055 316 fair good J yes wire snapped

0.52 0.072 210 poor good yes wire snapped
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List of Courses attended, Visits and Papers Published.

Courses:—

1) Tribology Module of the Post Graduate Diploma, Sheffield
City Polytechnic, 30 Jan - 24 April 1978.

2) Basic Lubrication Theory and A pplication, Imperial College,

London, 12 - 16 June 1978.

Visits:-

1) Tinsley Wire Industries Ltd., Sheffield.
2) Arthur Lee and Sons Ltd., Sheffield.

3) Swinden Laboratories (BSC), Rotherham.

Papers:-

f), A Non-Newtonian, Plasto-Hydrodynamic Analysis of the
Lubrication and Coating of Wire using a Polymer Melt
during Drawing - Tnternational Symposium on Metalworking
Iubrication, ASME Centenary Conference, San Francisco,

North America, Aug 1980.
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